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Abstract 
 
This thesis consists of five studies, of which the first three (I-III) were conducted to evaluate 
methods in predicting the organic matter digestibility (OMD) and D-value of grass silages. Studies IV and 
V examined the effects of silage digestibility and fermentation quality on voluntary intake (SDMI) and the 
relationships between feeding and milk urea concentration (MUC), respectively. The objectives of this 
work were to develop and evaluate methods for predicting silage OMD, D-value and intake potential on 
practical dairy farms and asses the use of MUC as diagnostic of protein feeding in dairy cows. 
Experimental grass silages (n = 52) for I-III were harvested from timothy-meadow fescue swards 
using standard harvesting techniques. The OMD of silages was manipulated by varying the harvesting 
date of primary swards and secondary regrowth. In addition, 42 grass silages were collected from Finnish 
dairy farms for study III, which were chosen from a larger collection of silages to cover a wide range in 
OMD. The OMD of experimental silages was determined in sheep fed at maintenance by total faecal 
collection. All silages were analysed for dry matter (DM), crude protein (CP) and cell wall parameters 
(NDF, ADF, lignin) by reference procedures. In vitro pepsin-cellulase solubility of organic matter (OMS) 
was determined by sequential incubation of samples in acid-pepsin and buffered commercial cellulase 
solutions for 24 and 48 h, respectively. Indigestible NDF (INDF) content of silages was determined by in 
situ incubation of samples for 12 d with forage-fed cows. Silages for study III were scanned with a 
spectrophotometer to examine the relationship between near infrared spectra (NIRS) and INDF content. 
Fixed or mixed regression analysis was used to assess the relationship between chemical content, OMS or 
INDF and OMD. 
Datasets comprising of treatment means from published milk production experiments were 
collected for studies IV and V. Experiments were predominantly conducted in Finland, but relevant 
studies from Sweden and the UK were also included. Data from 21 studies (n = 125) were used to estimate 
the relationship between D-value and SDMI. Silages were harvested at different maturities using the same 
ensiling techniques within each study. Relationships between silage fermentation parameters and SDMI 
were estimated from data of 47 studies (n = 234). Silages were simultaneously harvested from the same 
sward using various additives. In study V, mean treatment data (n = 306) from 50 production trials were 
used. Relationships between MUC and dietary factors were derived using either the entire data or subsets, 
in which data were separated into studies comparing the effects of concentrate level (n = 80), concentrate 
CP content (n = 188), silage fermentation quality (n = 55) or replacing grass silage with legume silage (n = 
32). Data analysis in IV and V was performed by regression analysis of fixed factors or with mixed 
models that account for between-experiment variations. 
Concentrations of CP, ADF and lignin were significantly correlated with OMD, but the linear or 
non-linear prediction equations for OMD were inaccurate and are not recommended for use on-farm, due 
to a lack of biological significance or uniformity of the parameters in relation to OMD. In vitro OMS 
predicted OMD with a high accuracy for primary growth silages, but was less accurate with regrowths. 
Predictions could be improved if harvest-specific correction equations were used for OMS. In situ INDF 
content of grass silages was a universal determinant of OMD and accurate estimates of OMD were 
obtained with one general prediction equation for the combined dataset that included both primary and 
regrowth silages. Results of III demonstrated that reasonably accurate estimates of INDF content could be 
obtained with NIRS. The cell wall structure of primary growth and regrowth grass silages appears to differ 
leading to different digestion and clearance dynamics in the rumen. The most reliable method for NIRS 
calibration for the prediction of OMD and D-value is based on in vivo measurements in sheep, but simpler 
methods are required in practice. In vitro OMS and INDF content, in particular, can be recommended for 
this purpose. 
Silage DM intake was significantly affected by silage D-value and fermentation quality. A 
relative intake index was proposed for use in practice to assist on-farm ration formulation. The proposed 
index predicted SDMI with an acceptable accuracy within experiments. Variance in MUC was mostly 
attributable to differences in dietary CP content. The amount of variation accounted for by statistical 
models was not improved when excess ruminal ammonia (PBV) or dietary CP/ME –ratio were taken into 
account. Both excess ruminal ammonia and absorbed AA were significant sources of milk urea. Excess 
AA N (absorbed AA N – milk N) and PBV increased MUC in a similar manner. MUC can be used in 
practice to predict dietary CP and PBV content and monitor urinary N excretion. In contrast to previous 
interpretations, exact target values for MUC cannot be given. Adequacy of PBV in the diet corresponded 
to a MUC value of 160 mg/l. Milk and milk protein yield increased up to MUC levels of at least 450 mg/l, 
when high quality protein supplements are fed. Output of urinary N per kg milk increased with higher 
MUC values. 
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1 INTRODUCTION 
 
Milk production potential and the need for supplementary feeding with grass silage-
based diets is essentially dependent on the digestibility and intake characteristics of the silage 
offered. It is well established that the maturity of grass harvested for silage fundamentally 
affects the intake, digestion and metabolism of dairy cows. In addition, fermentation products 
formed during ensiling modulate silage intake, as compared with fresh or dried grass at the 
same maturity. The effects of herbage maturation, silage fermentation characteristics and 
supplementary feeding on ruminant metabolism and production responses have been an 
important and extensive area of research in Finland (refer to Jaakkola, 1992; Huhtanen, 1998; 
Rinne, 2000), and are beyond the scope of this review. 
Instead, there is an increasing interest in developing on-farm tools, implemented by 
experienced herdsmen or through dairy advisors, to assist the nutritional management of dairy 
cows. In an ideal situation these tools would be based on sound nutritional concepts. For 
example, a web-service based on an empirical meteorological model has been constructed as a 
decision making tool to assist dairy farmers in the timing for harvesting primary growths of 
grass and red clover swards (Rinne, 2001; Artturi, 2003). Similarly, the formulation of 
balanced diets to allocate appropriate amounts of supplemental nutrients from concentrates, 
requires better routine methods in predicting silage digestibility and intake potential (Beever 
and Mould, 2000). Furthermore, a steadily increasing concern of the environmental effects of 
milk production arising from the outflow of nitrogen (N) and phosphorus from farming 
systems into natural waters, have highlighted the urgent need for tools to monitor and control 
the feeding of dairy cows to optimise feed input with respect to milk output. 
Grass silage represents almost 45 per cent of the total dry matter (DM) intake of 
dairy cows in Finland, and the proportion has been increasing one per cent unit per annum 
between 1972-2002 (ProAgria, Centre of Rural Advisory Services, unpublished). Grass leys, 
mainly timothy or timothy-meadow fescue mixtures, are normally harvested twice per year, 
the first cut being scheduled in June and the second in August/September. Before and during 
the indoor-feeding period, producers collect silage samples for the prediction of energy and 
protein content necessary for ration formulation. In total about 25000 samples have been 
analysed per annum in recent years in commercial laboratories. Proximal chemical methods 
based on the Weende system have been available for characterizing forage feeding value for 
over one hundred years. However, the practical application of forage feeding value evaluation 
for farm samples on a larger scale have only been possible after the adoption of computerised 
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chemometrics based on near infrared reflectance spectroscopy (NIRS) in the late 1970’s (see 
Givens et al., 1997; Deaville and Flinn, 2000). 
Near infrared spectroscopy is a simple physical method, in which near infrared light 
(400-2500 nm) is applied to feed samples (see Williams and Norris, 1990). Part of the light 
energy is absorbed by the bending and stretching vibrations of O–H, C–H and N–H bonds of 
chemical components within feeds. The total absorbance of monochromatic light depends on 
the wavelength, physical characteristics (e.g. moisture and particle size) and absolute 
concentration of the vibrating bonds in the sample studied. Reflected light can be detected by 
a photometer, and as a result the reflectance spectrum specific for each feed sample can be 
obtained. Feed samples contain a number of chemical substances, which absorb infrared light 
at various wavelengths and the specific absorption tracks overlap to a large extent. Because of 
this, direct interpretation of reflection spectra with respect to quantification of single 
substances is not possible. An additional difficulty arises from the parameters used to 
characterize forages, such as organic matter (OM), neutral detergent fibre (NDF) and lignin 
concentrations, or OM digestibility (OMD) and intake in particular. These parameters are not 
specific chemical entities, but merely reflect functional properties of a certain feed in the 
digestion process of ruminants. However, the research during the past two decades has shown 
that quantitative analysis of forage quality by NIRS is possible by carefully calibrating the 
reflectance spectrum against known chemical composition or biological characteristics of 
samples by means of regression analysis and mathematical transformations of spectral 
information (Shenk and Westerhaus, 1994; Givens et al., 1997; Deaville and Flinn, 2000). 
Calibration of grass silage digestibility or intake potential for NIRS equipment can 
be performed by feeding reference feeds to specific animals in standardised trials and using 
measured digestibility and intake as an absolute reference. In spite of the biological validity 
and rigour of this approach, it is time-consuming and extremely expensive, because a 
consistent and reliable NIRS calibration intended for even a specific type of silage requires a 
dataset of at least 100-200 reference silages, while a more universal calibration requires a 
greater number of samples. Therefore, there is a need to identify indirect calibration and 
controlling methods, which are simpler, less expensive and time-consuming. These methods 
may be based on traditional feed wet-chemistry or in vitro or in situ measurements (Beever 
and Mould, 2000), but before practical implementation they need to be validated with 
appropriate animal data. 
In addition to routine feed evaluation, dairy producers have access to continuous 
milk analysis based on sampling of bulk tank or samples from individual animals within milk 
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payment or dairy herd improvement schemes, respectively. For example, a total of nearly 500 
000 bulk milk and over 1.2 million individual cow samples are analysed annually in Finland. 
The main constituents [fat, crude protein (CP) or lactose] as well as some minor components, 
such as urea, can be easily determined with automated infrared methods with a precision that 
fulfils the criteria of quantitative analysis (Hansen, 1998; Godden et al., 2000). Milk urea 
concentration (MUC) has been used as a proximate measure of CP supply in relation to 
feeding standards for commercial dairy herds since the 1980’s (Oltner et al., 1985; 
Kirchgessner, 1986; Setälä et al., 1987). More recently, several attempts have been made to 
predict dietary CP content or urinary N output from MUC based on simple empirical 
regression equations (Jonker et al., 1998; Kauffman and St-Pierre, 2001). Until recently, the 
interpretation of the relationship between urea and nutrient supply, in addition to 
recommended MUC values have been based on the ratio of CP to metabolisable energy (ME) 
intake. However, this widely adopted interpretation may be erroneous, since for some studies 
CP and ME intakes were partially confounded, i.e. higher intakes of energy were associated 
with concomitant decreases in protein supplementation. Furthermore, analysis of the 
association between feeding and MUC have been conducted using data from individual cows 
or from treatment means based on a limited number of feeding trials (e.g. Hof et al., 1997; 
Kauffman and St-Pierre, 2001; Kohn et al., 2002). Consequently, the empirical equations 
obtained may be inconsistent or even confounded due to variations associated with 
environmental conditions or other non-feeding factors. These problems, may at least, be 
partly overcome using mean treatment data derived from a wide range of diets and feeding 
studies, and exploiting statistical models that account for between-study variations. In 
Finland, this data is available, owing to systematic nutritional research conducted during the 
past 15 years using diets based on grass silages of variable digestibility and fermentation 
quality, supplemented with various types and quantities of concentrate energy and protein 
(see Huhtanen, 1998). 
 
2 OBJECTIVES OF THE STUDY 
 
The general objective of this thesis was to develop and evaluate potential methods 
based on routine feed and milk analysis to monitor and control milk production from silage-
based diets. More specifically this work had the following aims: 
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?? to examine relationships between chemical, in vitro or in situ parameters with OMD, 
and develop and evaluate potential calibration methods in the prediction of grass 
silage OMD and D-value by NIRS 
?? to asses relationships between silage quality and intake, and to develop and evaluate 
indirect methods in characterizing the intake potential of grass silage based on 
measurements from routine feed analysis 
?? to examine nutritional factors affecting MUC, and to develop and evaluate methods 
for predicting dietary CP content and urinary N excretion from MUC. 
 
 
3 MATERIAL AND METHODS 
 
3.1 Description of the original studies 
 
The two first studies of this work were conducted to develop and evaluate methods 
for prediction of OMD in primary growth (I) and regrowth grass silage (II), based on wet-
chemistry, in vitro pepsin-cellulase solubility or in situ indigestible neutral detergent fibre 
(INDF). In the third study (III) the correlation between NIRS spectra with INDF and 
digestible NDF (DNDF) were studied, and the potential of NIRS equations for the prediction 
of cell wall fractions in grass silage were evaluated. The last two studies were conducted to 
develop models for the prediction of silage intake potential (IV), and to examine the impact of 
feeding on MUC with the view to developing models to predict on-farm dietary CP content 
and urinary N excretion (V). A detailed description of individual studies (I-III) and collection 
of data (IV and V) are provided in the respective original articles and summarised in Table 1. 
 
3.2 Determination of in vivo digestibility and in situ cell wall degradation 
 
The in vivo digestibility of grass silages used in studies I-III was measured in mature 
whether sheep by total faecal collection. Trials were conducted according to complete (4 
silages per trial) or incomplete (more than 4 silages per trial) Latin-square designs using 21 d 
periods with the last 7 d used for sample collection (i.e. OMD based on four observations per 
silage). Silages were offered at approximately maintenance (35 g DM/kg live weight0.75/d) 
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supplemented with 30 g of minerals and 10 g of NaCl per day. Sheep were fed twice daily and 
had a free access to drinking water. 
 
 
Table 1. Description of the original studies 
Orig. 
publ. 
Data Aim of work 
I Silages (n = 25) harvested at variable maturities 
of primary growth of grass in Jokioinen (61 ºN) 
Prediction of OMD and D-value from wet- 
chemistry or OMS 
II Same silages as I and silages (n = 28) harvested 
at variable maturities of regrowth in Jokioinen 
(61 ºN) 
Prediction of OMD from wet-chemistry, 
OMS or in situ INDF 
III The same samples as in I and II (n = 52) and 42 
grass silage samples from Finnish commercial 
dairy farms 
Prediction of indigestible (INDF) and 
digestible (DNDF) cell wall fractions with 
NIRS 
IV Treatment means from 21 dairy cow studies 
conducted to investigate the effects of grass 
silage harvesting time on DM intake and milk 
production (n = 125). 
Treatment means from 59 dairy cow studies 
conducted to investigate the effect of grass silage 
additives on DM intake and milk production (n = 
304). 
Examine the effect of silage quality on the 
DM intake of lactating dairy cows. 
 
 
Prediction of grass silage intake potential 
from routine feed analysis. 
 
V Treatment means (n = 306) from dairy cow 
studies conducted in Finland (n = 48) and 
Sweden (n = 2). 
Evaluate the effect of feeding on MUC. 
Prediction of dietary CP and urinary N 
from MUC. 
 
 
Indigestible NDF was determined in experimental and farm silages (II and III, n = 
94) by 288 h in situ incubations with two dairy cows fed forage-rich diets ensuring high 
ruminal cellulolytic activity and nylon bags with a pore size of 6 or 17 µm, respectively. In 
earlier studies, no differences in NDF disappearance between bags with pores of 6 and 16 
(Huhtanen, 1998) or 6 and 17 µm (Ahvenjärvi, personal communication) have been observed. 
After ruminal incubations, bags were rinsed with cold water for 25 min using a household 
washing machine and the NDF content of feed residues was determined by boiling in neutral 
detergent solution (Van Soest et al., 1991). The INDF concentrations (g/kg DM) were 
expressed as ash-free NDF residue after rumen incubation. Potentially digestible NDF 
(DNDF) was calculated as NDF – INDF. 
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3.3 Methods for chemical analysis and in vitro organic matter solubility 
 
Silages in I-III were analysed for DM, N, ash and fermentation quality by standard 
procedures described in I. The DM content of silages was corrected for fermentation products 
according to Huida et al. (1986). Cell wall composition was determined by analysing NDF 
content by the method of Van Soest et al. (1991) in the presence of sodium sulphite, but 
without ?-amylase treatment and ADF and lignin content according to Robertson and Van 
Soest (1981). Results of NDF analysis were expressed on an ash-free DM basis. For study III, 
lignin content of farm silages was determined as 72% sulphuric acid residue corrected for 
residual ash according to Robertson and Van Soest (1981). In vitro OM pepsin-cellulase 
solubility (OMS) of all silages in studies I-III was determined using crystalline cellulase with 
the method described in I. 
 
3.4 NIR scanning and calibration 
 
Silages for study III were dried and milled and consequently scanned with a 
spectrophotometer across 400 to 2498 nm. After mathematical treatments (standard normal 
variate transformation, de-trending and first-order derivatization), spectra were correlated 
with cell wall fractions (NDF, INDF, DNDF) in silages, and used to develop NIRS prediction 
equations using a modified partial least squares technique. A detailed description of the 
methods and equipment are given in the original article (III). 
 
3.5 Data acquisition for studies examining silage intake and milk urea concentration 
 
Analysis of data described in publications IV and V were based on treatment means 
from published dairy cow feeding studies. These feeding trials had been conducted in Nordic 
countries (V), or included results from appropriate feeding trials completed in the UK (IV). A 
complete list of references documenting each experiment is given in the Appendixes of the 
appropriate original articles (IV; V). Feeding trials were primarily conducted using complete 
or incomplete changeover designs (at least 8 animals per treatment). Grass silage was the 
basic forage in most studies, but in some trials grass silage was replaced either partly or 
completely with legume or whole crop silage or dried hay. Where appropriate, the quality of 
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silage was manipulated by using either different type of additives, or prepared from herbage 
harvested at various stages of maturity. Silages were supplemented with different levels of 
energy or protein concentrates or a combination of the two, which were offered at fixed rates 
within a trial. Therefore, the datasets used were comprised of a wide range of diets as 
indicated by the variation in milk yield (MY, kg/d), concentrate to forage ratio or calculated 
energy (ME, MJ/kg DM) and protein (CP, AAT or PBV, g/kg DM) content. 
 
3.6 Statistical methods 
 
Data from all studies were subjected to simple or multiple linear regression analysis 
using fixed (III) or both fixed and mixed (I, II, IV, V) effects models. In some instances, non-
linear relationships were also studied. The general model used for fixed effects regression was 
Y = A0 + B1X1 + B2X2  + … + BnXn + e, where Y is the response variable studied, A0 is the 
overall intercept, B1…n are the overall regression coefficients for continuous variables X1…n 
and e represents the unexplained error. To examine relationships between the response 
variable Y and regression variables X1…n within-experimental year (I, II) or within-experiment 
(IV, V), the MIXED procedure of SAS (Littell et al., 1996) was used, where Yij = A0 + 
Yeari/Expi + B1X1ij  + B2X2ij  + … + BnXnij + eij, in which A0 is the overall intercept (fixed 
effect), Yeari/Expi is the random effect of experimental year or experiment, B(1...n) are the 
overall regression coefficients within years or experiments, X(1...n)ij are the value j of the 
continuous variables X(1…n) within year or experiment i and eij represents the unexplained 
error. In addition, some analysis was conducted using random slopes to assess the extent of 
residual RMSE attributable to year or experiment. The mixed model methodology applied has 
been described in detail by St-Pierre (2001). It is a valuable tool in handling variation in 
response Y due to circumstances that are not connected with regression variables X(1…n). For 
example, the effect of silage quality on DM intake and milk yield may be analysed from a 
dataset comprising of trials where cows differing in their genetic merit or variable levels of 
concentrate supplementation within a trial have been used. The rationale behind using mixed 
models in analysing such data is demonstrated in Figure 1. Even tough the data are 
hypothetical, it could well describe e.g. the effect of silage ammonia N content (g/kg N) on 
silage DM intake (SDMI) measured in two experiments. 
Models developed were evaluated using the proportion of variance accounted for by 
the model (R2, adjusted for degrees of freedom) and the residual mean square error (RMSE) 
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or standard error of prediction (s.e.p.). When mixed models were used, R2 values were also 
calculated to estimate the proportion of variation within-experiment, where: R2 within  = [(R2  – 
R2 explained by experiment) / (1 – R2 explained by experiment)]. The RMSE is a measure of how precisely 
the population used to generate the model fits the model and s.e.p. refers to the error 
associated with predicting values of new observations not included in the model formulation 
dataset. Where appropriate, the ratio between observed standard deviation (s.d.) of the 
variable to RMSE or s.e.p. of the model was calculated, in order to make the models more 
comparable to those previously reported in the literature (i.e. standardization of prediction 
error units). 
 
y = -1.4x + 17.6
y = -1.7x + 31.2
y = 0.3x + 7.7
4
6
8
10
12
14
16
18
4 6 8 10 12 14 16
Regression factor
R
es
po
ns
e
Figure 1. Two subsets of 
hypothetical data, i.e. subset 1 (?) 
and subset 2 (?), analysed by the 
fixed or mixed effects model. The 
subsets may represent similar trials 
made in different years (i.e. “year” 
–effect) or using e.g. animals 
differing in genetic merit or 
concentrate supplementation (i.e. 
“trial” –effect). The overall fixed 
regression (dashed line, R2 = 
0.046, RMSE = 2.46) is 
confounded by a factor associated 
with data subsets rather than the 
regression within subsets (solid 
lines, R2 = 0.969, R2within = 0.850, 
R2experiment = 0.794 and RMSE = 
0.44) 
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4 GENERAL DISCUSSION 
 
4.1 Determination of digestibility and energy content of grass silage 
 
As the grass matures, the proportion of DM in cell contents declines, and that of the 
cell wall components increases. The effects of grass maturation on the composition and 
digestive metabolism of silage in ruminants has been extensively studied and documented 
(refer to Rinne, 2000). When translated into production responses of dairy cows fed ad 
libitum silage-based diets, a 10 g/kg change in silage OM digestibility corresponds to about 
0.15 kg SDMI, equivalent to 0.5-1.0 kg of supplementary concentrate or 0.3-0.5 kg milk per 
day depending on silage fermentation quality (Huhtanen, 1998; Rinne, 2000). These 
responses are economically significant and measurable in practice. Traditionally, digestibility 
coefficients of ruminant feeds are based on digestibility trials in sheep measured by total 
faecal collection. The application and use of digestibility values in sheep for dairy cows has 
often been questioned due to differences between animal species and feeding level. Even 
though variations in feeding level are a valid concern, recent results of Rinne (2000) indicate 
that relative differences in the digestibility of grass silages of variable maturity for cattle 
could be accurately predicted using data from sheep. 
According to Van Soest (1994) the standard error associated to well conducted 
digestibility trials with restricted access to feeds can be expected to be about 20 g/kg DM of 
digestible nutrients, which corresponds to approximately 22 g/kg apparent OMD of grass 
silage. In the digestion trials of studies I-III pooled standard error of OMD estimates was 
considerably lower (13.8 g/kg) than the figure proposed by Van Soest (1994). This value may 
be considered as a target standard error of prediction (s.e.p.) of any method used to determine 
grass silage OMD. The ratio of population s.d. to s.e.p. (or RMSE) can be used to standardize 
the units used, and to relate the range of reference values to s.e.p., in order to allow a more 
valid comparison between prediction methods. When this ratio is 1.0, the mean of reference 
population can be used as an estimate, rather than outcome of the model without a loss in 
accuracy. It is generally accepted that this ratio should be above 2, if the models are used for 
qualitative assessment, and over 2.5 in robust quantitative analysis (Sinnaeve et al., 1994). 
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4.1.1 Methods based on standard wet-chemistry 
 
The general aim of feed chemistry has always been to divide forage DM into (1) a 
readily available nutrient fraction including cell contents and digestible cell wall components 
and (2) a totally inert fraction incorporated in the mature secondary cell wall. However, as 
stated by Van Soest (1994), there hardly exists a single chemical analysis or extraction 
procedure that would give a direct measure of these fractions over a wide range of ruminant 
feeds. Basically this is due to intrinsic problems connected to such systems, like for example 
the well-established Weende method. This method separates and defines starch, sugars, the 
main part of cell wall lignins and hemicellulose, and a small part of cellulose as digestible N 
free cell contents (Van Soest, 1994). Consequently, crude fibre intended to describe the 
amount of cell wall components only includes a proportion of lignins, cellulose and 
hemicellulose. The improved and widely adopted detergent system (Van Soest et al., 1991) 
provides a better description of cell solubles and cell wall fractions in forage DM. Neutral 
detergent residue (i.e. NDF) is widely regarded as a reasonable estimate of forage cell wall 
content, with the major exception that pectin is completely extracted. This means that the cell 
solubles (defined as DM – ash – NDF) contains sugars, starch, organic acids, soluble proteins, 
lipids and pectin. 
According to Weiss et al. (1992) and Van Soest (1994) cell solubles (defined as OM 
– NDF) behave uniformly in ruminant digestive tract with a true digestibility close to one. In 
agreement with these results, cell solubles (= DM – ash – NDF) in grass silages harvested at 
variable maturities was nutritionally uniform in the data of study III (n = 52), with a mean true 
digestibility of 960 g/kg and an average 91 g/kg DM of faecal metabolic OM. However, NDF 
behaved essentially in a non-uniform manner with a mean apparent digestibility of 722 g/kg 
(s.d. = 67.1) across a range of 584 to 869 g/kg. The lack of NDF uniformity is caused by cell 
wall lignification, a process affected by various factors, such as forage species, maturity, 
number of harvests, latitude and climate (Van Soest et al., 1978). Although lignin is the 
primary component that protects part of the NDF from digestion, the use of lignin as a 
predictor of digestibility has not been very successful, since it is not a uniform entity of cell 
walls (Jung and Vogel, 1986; Wilson 1994) and difficulties in lignin determinations. 
Therefore, a general challenge for any method being developed for the prediction of forage 
OMD involves a reliable division of NDF into digestible (DNDF) and totally indigestible 
(INDF) fractions. 
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Since no parameter of standard wet feed chemistry provides a direct measure of 
forage OMD, several statistical relationships between chemical composition and digestibility 
have been developed and widely adopted in practice to predict digestibility parameters of on-
farm grass forages. Regression equations have been based on Weende parameters (mostly CP 
and crude fibre) or cell wall components within the detergent system (mostly ADF and 
lignin). Some of these attempts have been summarised in Table 2. Generally, none of the 
regressions based on single chemical entities offer a satisfactory prediction of digestibility, 
since the models only account for about half of the variation in digestibility. As judged by the 
ratio of s.d. to RMSE, cell wall fractions (ADF, lignin) are marginally better predictors than 
CP content (Table 2). 
Although widely applied, the use of CP content as a predictor of digestibility can be 
questioned with respect to biological significance. While rumen degradable N may limit 
microbial activity for very low quality forages, above a CP content of about 120-130 g/kg DM 
no meaningful biological relationship exists between CP content and digestibility. For 
example, Rinne et al. (1999) did not observe an improvement in total diet OMD when low 
quality grass silage (CP 113 g/kg DM) was supplemented with 1.15 kg/d of rapeseed meal. 
Shingfield et al. (2001) reported no difference in dietary OMD between silages made from 
grass fertilized with low or high levels of N (52 vs. 104 kg N/ha) in spite of differences in 
silage CP content (120 vs. 148 g/kg DM, respectively). In study I the correlation between the 
CP content and OMD was significant (R2 > 0.6) when the same primary growth sward was 
harvested at different stages of maturity within the same year. However, this merely reflects a 
statistical association between increase in lignification and decreases in CP content with 
advancing DM yield, rather than a causal relationship. When the data included silage samples 
from secondary and tertiary grass growths (II), or across all cuts (II; Givens et al., 1993) the 
relationship was much weaker. This may be due to a number of reasons. Firstly, the slope 
between CP content and OMD is different between cuts (primary vs. other, II) and between 
years within number of cut (I, II). Secondly, the relationship between CP content and OMD 
tends to be curvilinear, i.e. the slope decreases with increasing CP content (I). Thirdly, it is 
probable that location, soil type and climate also mediate the relationship between CP content 
and OMD (Van Soest et al., 1978), due to varying DM yields of grass leys, even if similar 
rates of N fertilizers are applied. Consequently, the statistical association between silage CP 
content and D-value predicted with NIRS for field material (Valio Ltd/Farm Services, 
unpublished results), including samples from all cuts in years 1997-2002 was extremely weak 
(R2 = 0.100, n = 140 329), and the slope (0.33) was much lower than that observed in strictly 
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controlled harvesting conditions (primary growth 1.41 and regrowth 0.62; see II). This weak 
relationship between CP and D-value for field material may also relate to differences in N 
fertilization, soil characteristics, forage species and climate leading to large differences in 
OMD at a given CP concentration. 
Published regressions demonstrate that cell wall fractions (ADF, lignin) offer a more 
consistent basis for predicting silage digestibility than CP (Table 2), and the relationship 
between ADF or lignin content with digestibility appears to be more causal. Under controlled 
conditions (I; II), ADF or lignin concentration explained proportionally 0.847 or 0.796 and 
0.319 or 0.621 of the variation in grass silage OMD in primary growths and regrowths, 
respectively. As a result, the ratio of s.d. to RMSE of regression equations for OMD tends to 
approach the limit of acceptable accuracy, especially for primary growth silages. However, 
similar to the use of CP, the intercepts and slopes of regressions are subject to environmental 
variations (Van Soest, 1994) making the development of a universal equation very difficult. 
Consistent with this concept, both the regression slopes and intercepts between ADF and 
OMD were significantly (P = 0.016 and P = 0.001, respectively) different between cuts (-1.42 
vs. -0.81 and 1199 vs. 943 g/kg, respectively) when both primary growth and regrowth silages 
were analysed simultaneously (II). Moreover, the relationship was heavily dependent on the 
harvesting year for regrowths. This is in agreement with the results of Givens et al. (1993), 
who observed different slopes between modified ADF (MADF) and D-value of spring and 
autumn grown herbages (-0.97 vs. -0.51, respectively). In addition, earlier observations 
(Barber et al., 1990) indicated that OMD of grass silages at the same MADF content varied 
markedly between different sample populations (i.e. regression intercepts differed), even 
though MADF determinations were conducted in the same laboratory. The results of Rinne 
(2000) based on a smaller sample population are consistent with those of the present study, 
indicating that CP and NDF cannot be used to reliably predict silage OMD.  
The key factor underlying reductions in forage NDF digestibility with advances in 
maturity is undoubtedly the concomitant development of lignin-polysaccharide complexes, 
which physically or chemically protect NDF from microbial digestion (Jung and Vogel, 1986; 
Wilson, 1994). However, the prediction of grass silage OMD from lignin content has been 
found to have a far from acceptable accuracy and precision (I; II; Table 2). The slopes for 
primary growth and regrowth silages between lignin content and OMD were not significantly 
different (–5.73 vs. –4.93, P = 0.404), but the intercepts differed markedly (932 vs. 830 g/kg, 
P = 0.003) (II). 
 12
T
ab
le
 2
. P
re
di
ct
io
n 
of
 d
iff
er
en
t d
ig
es
tib
ili
ty
 p
ar
am
et
er
s f
ro
m
 c
ru
de
 p
ro
te
in
 (C
P)
, a
ci
d 
de
te
rg
en
t f
ib
re
 (A
D
F)
, m
od
ifi
ed
 A
D
F 
(M
A
D
F)
 o
r 
lig
ni
n 
co
nc
en
tra
tio
n 
of
 g
ra
ss
 si
la
ge
s, 
ha
ys
 a
nd
 fr
es
h 
he
rb
ag
e 
ba
se
d 
on
 li
ne
ar
 re
gr
es
si
on
 a
na
ly
si
s 
Sa
m
pl
es
/D
ig
es
tib
lit
y 
tr
ai
ta
 
In
de
pe
nd
en
t 
va
ri
ab
le
b  
n 
 
 
 
 
M
ea
n 
s.d
.
R
2
R
M
SE
s.d
./R
M
SE
 
So
ur
ce
G
ra
ss
 h
ay
s/
D
M
D
  
C
P 
64
 
54
8 
N
R
c
0.
77
 
29
 
 
C
oe
lh
o 
et
 a
l.,
 1
98
8 
G
ra
ss
 h
ay
s/
D
M
D
  
A
D
F 
65
 
54
8 
N
R
 
0.
71
 
23
 
 
C
oe
lh
o 
et
 a
l.,
 1
98
8 
G
ra
ss
 si
la
ge
s/
D
-v
al
ue
  
M
A
D
F 
12
4 
67
2 
61
 
0.
56
 
41
 
1.
48
 
G
iv
en
s e
t a
l.,
 1
98
9 
G
ra
ss
 si
la
ge
s/
O
M
D
 
C
P+
N
D
F 
50
 
73
4 
56
 
0.
68
 
32
 
1.
75
 
St
eg
 e
t a
l.,
 1
99
0 
G
ra
ss
 si
la
ge
s/
O
M
D
  
M
A
D
F 
12
2 
71
0 
60
 
0.
34
 
51
 
1.
18
 
B
ar
be
r e
t a
l.,
 1
99
0 
G
ra
ss
 si
la
ge
s/
O
M
D
  
LI
G
 
12
3 
71
0 
60
 
0.
52
 
44
 
1.
36
 
B
ar
be
r e
t a
l.,
 1
99
0 
Fr
es
h 
he
rb
ag
e/
O
M
D
  
C
P 
17
2 
77
0 
66
 
0.
42
 
50
 
1.
32
 
G
iv
en
s e
t a
l.,
 1
99
0a
,b
 
Fr
es
h 
he
rb
ag
e/
O
M
D
  
LI
G
 
12
4 
N
R
 
N
R
 
0.
14
 
53
 
 
G
iv
en
s e
t a
l.,
 1
99
0a
,b
 
G
ra
ss
 si
la
ge
s/
D
-v
al
ue
  
M
A
D
F 
36
 
64
0 
63
 
0.
69
 
35
 
1.
79
 
G
iv
en
s e
t a
l.,
 1
99
3a
,b
 
M
ix
ed
 g
ra
ss
 h
er
ba
ge
/D
-v
al
ue
  
M
A
D
F 
70
 
79
9 
N
R
 
0.
49
 
31
 
 
G
iv
en
s e
t a
l.,
 1
99
3a
,b
 
M
ix
ed
 g
ra
ss
 h
er
ba
ge
/D
-v
al
ue
  
A
D
F 
70
 
79
9 
N
R
 
0.
23
 
38
 
 
G
iv
en
s e
t a
l.,
 1
99
3a
,b
 
G
ra
ss
 si
la
ge
s/
O
M
D
  
LI
G
 
50
 
74
9 
50
 
0.
48
 
36
 
1.
39
 
de
 B
oe
ve
r e
t a
l.,
 1
99
9 
G
ra
ss
 h
ay
s/
O
M
D
  
LI
G
 
22
 
69
4 
72
 
0.
82
 
31
 
2.
32
 
de
 B
oe
ve
r e
t a
l.,
 1
99
9 
G
ra
ss
 si
la
ge
s/
O
M
D
  
C
P 
25
 
73
4 
67
 
0.
68
 
38
 
1.
77
 
I 
G
ra
ss
 si
la
ge
s/
O
M
D
  
A
D
F 
25
 
73
4 
67
 
0.
85
 
26
 
2.
57
 
I 
G
ra
ss
 si
la
ge
s/
O
M
D
  
LI
G
 
25
 
73
4 
67
 
0.
80
 
30
 
2.
23
 
I 
G
ra
ss
 si
la
ge
s/
O
M
D
  
C
P 
28
 
70
3 
44
 
0.
15
 
39
 
1.
11
 
II
 
G
ra
ss
 si
la
ge
s/
O
M
D
  
A
D
F 
28
 
70
3 
44
 
0.
32
 
35
 
1.
24
 
II
 
G
ra
ss
 si
la
ge
s/
O
M
D
  
LI
G
 
28
 
70
3 
44
 
0.
62
 
26
 
1.
67
 
II
 
G
ra
ss
 si
la
ge
s/
O
M
D
  
C
P 
52
 
71
4 
56
 
0.
55
 
38
 
1.
49
 
II
I 
G
ra
ss
 si
la
ge
s/
O
M
D
  
A
D
F 
52
 
71
4 
56
 
0.
33
 
46
 
1.
22
 
II
I 
G
ra
ss
 si
la
ge
s/
O
M
D
  
 
LI
G
 
52
 
 
71
4 
56
 
0.
39
 
44
 
1.
28
 
II
I 
M
ea
n
C
P
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
0.
54
1.
46
M
ea
n
A
D
F/
M
A
D
F
 
0.
50
1.
58
M
ea
n
L
IG
 
  
0.
54
1.
71
13 
a  D
-v
al
ue
 =
 D
ig
es
tib
le
 o
rg
an
ic
 m
at
te
r c
on
te
nt
 in
 d
ry
 m
at
te
r (
g/
kg
); 
O
M
D
 =
 O
rg
an
ic
 m
at
te
r d
ig
es
tib
ili
ty
 (g
/k
g)
; D
M
D
 =
 D
ry
 m
at
te
r d
ig
es
tib
ili
ty
 (g
/k
g)
; 
b  M
A
D
F 
= 
m
od
ifi
ed
 a
ci
d 
de
te
rg
en
t f
ib
re
, A
D
F 
= 
ac
id
 d
et
er
ge
nt
 fi
br
e,
 C
P 
= 
cr
ud
e 
pr
ot
ei
n,
 L
IG
 =
 li
gn
in
 (g
/k
g 
D
M
); 
c  N
ot
 re
po
rte
d 
In addition, the decrease in OMD per gram increase in lignin content was dependent 
on harvesting year, particularly for regrowth silages. This inconsistency between the 
statistical regressions for variations due to cuts and harvesting year appears not to be solely a 
consequence of lignin accumulation in cell wall per se. Lignin content (g/kg DM) or the ratio 
of lignin to NDF (g/kg) did not differ significantly between harvesting years, and were 
actually lower for regrowth silages, in spite of the lower apparent OMD compared with 
primary growth silages (I, II). Temperature and light intensity are recognised to influence 
lignification (Deinum et al., 1968; Van Soest 1994) that alters digestibility but not necessarily 
lignin content of the cell wall. In Finland, the mean daily temperatures normally increase from 
the period of primary growth (May/June; 9–14 ºC) towards aftermath growth (July/August; 
16–14 ºC) with a concomitant reduction in day length. In addition, day length and average 
temperature are positively correlated during primary growth and negatively for regrowths. 
Another problem with using lignin as a predictor of digestibility of high quality temperate C3 
grasses arises from low absolute lignin concentrations. According to Van Soest (1994), the 
standard deviation in lignin analysis tends to be 4 g/kg DM irrespective of absolute amounts, 
resulting in a higher relative error in measurement for high quality forages. Species × maturity 
interactions (e.g. grasses vs. legumes) would further make the use of lignin or other cell 
components of chemical analyses questionable for prediction purposes and as a reference for 
NIRS calibration. This is consistent with the results of de Boever et al. (1999) who concluded 
that chemical parameters are in general less accurate in predicting OMD than those based on 
in vitro digestibility. 
Van Soest (1967) presented a summative method using uniform nutritional 
availability for the prediction of forage digestibility. Within this concept, a fraction 
determined by chemical components is nutritionally uniform, provided that it exhibits a 
constant digestibility and metabolic faecal loss during the Lucas test. This approach indicates 
that total OMD is a sum of digestible cell solubles and NDF minus metabolic faecal OM loss. 
This simple summative approach of Van Soest (1967) has been refined e.g. by Weiss et al. 
(1992), and more recently a further modification of it has been adopted by the NRC (2001). 
Although the summative approach for predicting forage OMD is based on valid nutritional 
concepts, its weakness lies in the prediction of NDF digestibility, a fraction that is essentially 
non-uniform. The NRC (2001) has adopted an approach where NDF digestibility is related to 
0.67 power of the ratio of lignin to NDF. Using NRC (2001) equations and the outcome of 
Lucas test for cell solubles, Huhtanen (2003) predicted the digestible organic matter content 
(D-value, g/kg DM) of silages in III (n = 52). The correlation between predicted and observed 
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values was reasonably good (R2 = 0.826), but the coefficient of regression was only 0.51, 
leading to systematic and increasing under-predictions with concomitant increases in grass 
silage D-value. This result is most likely due to the difficulty in predicting in vivo NDF 
digestibility from lignin content by any statistical means. Furthermore, the NRC (2001) 
equation to predict digestible NDF has been developed with forage samples grown in warmer 
climates that promote higher lignification than the silages used in study III. 
 
4.1.2 Method based on pepsin-cellulase solubility 
 
As the parameters of any chemical fractionation system or their empirical regressions 
do not satisfactorily predict forage digestibility, there is a need for more reliable laboratory 
methods. This area of ruminant research has been both active and successful following the 
adoption of the two-stage in vitro method of Tilley and Terry (1963). This widely applied 
system is based on an anaerobic incubation of a sample with strained and buffered rumen 
fluid in the first step, followed by an acid-pepsin treatment in the second step. Digestibility 
estimates obtained are often recognized as being numerically comparable, or at least highly 
correlated with in vivo values for a range of forage species under a wide variation of 
environmental conditions (Van Soest, 1994; Weiss, 1994). However, there undoubtedly exist 
several inherent problems connected with in vitro methods based on rumen fluid (for a 
review, see Weiss, 1994). Both between- and within-animal variations in the digestion 
activity of the rumen fluid, in spite of standard feeding regimes, is probably the most serious 
drawback. In addition, the need of continual access to surgically modified animals and 
technical problems in relation to maintaining anaerobic conditions during in vitro incubations, 
make the method less attractive to any forage research laboratory. Legislation and increased 
concerns of animal welfare may completely hinder the use of fistulated animals in commercial 
laboratories. Therefore, much effort has been focused on replacing rumen fluid with 
commercial fibrolytic enzymes. Early attempts based on cell extracts or purified enzymes 
from rumen microbes or moulds (e.g. Aspergillus sp.) were not very successful (McQueen 
and Van Soest, 1975). The commercial availability of mixed fungal (Trichoderma sp.) 
products including both hemicellulases and cellulases has changed this situation (Jones and 
Hayward, 1975; Dowman and Collins, 1977). 
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4.1.2.1 Biological basis of cellulase methods 
 
Enzymatic digestion procedures have been comprehensively described and discussed 
in a recently published review by Jones and Theodorou (2000). Basically, two different 
modifications are used; a pre-treatment of a dried and milled sample either with the neutral 
detergent (NDC) or an acid-pepsin solution (PC) for 24 h, followed by 24 or 48 h incubation 
with buffered enzymes at 35-40 ºC (see Dowman and Collins, 1982). Modifications based on 
extended acid hydrolysis (de Boever et al., 1988) and additional treatments with amylases or 
proteases (see Jones and Theodorou, 2000) specifically for starchy forages or protein-rich 
concentrates are beyond the scope of this discussion. Herein, only methods (NDC and PC) 
that are primarily intended for use with fibrous forages (grasses and legumes) are reviewed. 
The rationale behind both NDC and PC methods is that the cell solubles (for 
definition, see Chapter 4.1.1) would be completely extracted by pre-treatments, and that the 
cell wall residue (hemicellulose and cellulose) would be partially solubilized in a manner that 
corresponds or correlates to NDF digestion in vivo. The former prerequisite evidently remains 
true, but the results of McQueen and Van Soest (1975) showed that unadapted fungal 
enzymes degraded during a 72 h incubation proportionally 0.80-0.92, 0.75-0.81 and 0.66-0.96 
of the total NDF, hemicellulose and cellulose, respectively, across a variety of forages as 
compared with ruminal in vitro procedure. Furthermore, since the relative proportion of 
solubilized NDF was dependent on the forage type, the authors concluded that, in contrast to 
rumen microbes, the fungal enzymes may respond differently to environmental factors and 
species differences that underlie the nutritional non-uniformity of forage NDF. In addition, 
Jones and Hayward (1975) reported that 24 h pepsin plus 48 h cellulase treatment solubilized 
proportionally 0.87 of grass DM as compared with in vivo digestibility. Two important 
hypotheses arise from these results; (1) enzyme solubility figures should be corrected with a 
statistical equation to obtain digestibility coefficients that correspond to those in vivo and (2) 
development of an universal correction over a wide variety of forage species and 
environmental conditions within the same species may not be possible. Extensive work 
(summarised in Table 3) with both enzymatic methods applied to a variety of forages show 
that, unfortunately, both these assumptions hold true. 
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4.1.2.2 Relationship between in vitro OMS and in vivo OMD 
 
In ideal situation OM solubility (OMS) in the cellulase system should correspond to 
true OMD in vivo. The intercept of the correction equation should essentially be negative due 
to in vivo metabolic faecal residue (Van Soest, 1994), which is clearly not produced during 
the enzymatic procedure. The same assumption should result in a regression coefficient being 
close to one, and OMS numerically exceeding apparent in vivo values. The results show 
(Table 3), however, that in individual studies the intercept of regression equations varies 
between 60 and 550 g/kg (or g/kg DM) and the slope between 0.45-0.87. There is also a 
general tendency between trials that the coefficient of regression increases with increasing in 
vivo digestibility, with a concomitant decrease in the intercept. Under controlled harvesting 
conditions OMS values were numerically equivalent to in vivo OMD in primary growth (734 
vs. 735 g/kg, see I), and significantly exceeded (737 vs. 693 g/kg, P < 0.001, see II) that in 
regrowth grass silages. However, in both studies the coefficient of regression was 0.87 (I, II), 
which implies that as compared with in vivo OMD, pepsin-cellulase solubilise less OM with 
increasing grass maturity. The coefficients of regression were 0.85 vs. 0.95 with intercepts of 
214 vs. 121 g/kg for primary growth and regrowth silages, respectively (Figure 2a), when 
OMS was regressed against true in vivo OMD estimated using the Lucas equation (see I). 
The results of McLeod and Minson (1982) showed that acid-pepsin pre-treatment 
removed less DM from grass samples than ND, which may imply that cell contents are not a 
uniform fraction in the PC system. The difference in DM solubilisation was associated with a 
lower ash content after pre-treatment with ND, perhaps due to the ability of ND to remove 
silica from forage DM (Van Soest, 1994). However, it may be safe to presume that the 
difference in total solubility of the cell contents between NDC and PC methods in grass 
silages is relatively small. Assuming that cell contents behave uniformly in PC system used in 
I-III (true digestibility = 1.00), NDF solubility was proportionally 0.78 (s.d. = 0.029) and 0.79 
(s.d. = 0.035) of in vivo NDF digestibility in primary growth and regrowth silages, 
respectively (P = 0.255). Furthermore, as compared to potential NDF degradation determined 
by 288 h in situ incubation (III), the respective proportional in vitro NDF solubility was 0.67 
(s.d. = 0.043) vs. 0.69 (s.d. = 0.029) (primary growth vs. regrowth, P = 0.015). These relative 
NDF solubility values are very close to those reported by McQueen and Van Soest (1975) for 
timothy (0.74) using the same Thrichoderma viride enzyme, but a longer (72 h) incubation 
period. In addition, the present results are in agreement with those obtained in experiments 
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where cell wall degrading enzymes have been used as silage additives. These studies have 
shown that relative to rumen microbes, commercial cellulases and hemicellulases degrade 
only part of forage NDF (see Jaakkola, 1993). Moreover, the present results imply that NDF 
digestion may not be improved by direct addition of commercial cell wall degrading enzymes 
in ruminant diets. 
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Figure 2. a) Plot of pepsin-cellulase solubility vs. true in vivo digestibility of organic matter in 
primary growth and regrowth silages; b) relative (in vitro solubility / in situ digestibility) 
digestibility of neutral detergent fibre (Data from III) 
 
In study III the relative in vitro solubility of NDF improved with increasing potential 
in situ NDF digestibility of primary growth (R2 = 0.851; Figure 2b). However, for regrowth 
silages this relationship was weak and non-significant, although there was considerable 
variation in relative NDF solubility. This weak correlation explains the higher prediction error 
of OMD for regrowth than primary growth silages (see II). In conclusion, the results from II 
and III as well as those of Givens et al. (1993b) indicate the need of specific correction 
equations for OMS in primary and regrowth grass silages. This may be at least be partly 
explained by the different ability of Trichoderma viride cellulases to respond to grass 
maturity between harvests as compared with rumen microbes (see Figure 2b). The application 
of the cellulase method may be further complicated if potential forage species with maturity 
interactions on NDF solubilization are taken into account (Terry et al., 1978). Preliminary 
results (Animal Production Research, MTT Agrifood Research Finland, Jokioinen, Finland) 
for red-clover silages over one year show that the regression coefficient between OMS and in 
vivo OMD in sheep is similar (0.88) as compared with grass silages (0.87, see II), but the 
intercept was considerably lower (49 vs. 83 g/kg). 
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error for PC compared with the ruminal in vitro method. Jones and Theodorou (2000) 
reported that when using a 24 h pepsin followed by a 24 h cellulase incubation, the equation 
adjustments from year to year have been relatively minor. In studies I and II, the year effects 
in mixed regression models, at least in part, due to variations in enzyme activity between 
incubation runs, were small in primary growth but moderate for regrowth silages based on the 
comparison of regression slopes between fixed and mixed models. However, the present data 
(I, II) is not sufficient to make definitive conclusions on the requirements for lot-specific 
equations. 
In addition to variations arising from different pre-treatments, forage species and 
enzyme lots affecting OMS, marked between-laboratory differences may also affect the 
relationship between OMS and forage OMD. Weiss (1994) concluded that individual 
laboratories would need to determine the correction equation for OMS when accurate OMD 
estimates are required. This is supported by current findings that a constant difference existed 
between OMS correction equations for two Finnish laboratories (Figure 3). The difference 
was maintained despite using the same enzyme source and all attempts until now to 
standardize the in vitro procedure between the two laboratories. Nevertheless, the results 
(Table 3) clearly demonstrate that there is a need for a correction equation for OMS to predict 
OMD of grass silage (1), and that the equations are sample population and laboratory specific 
(2) and should be estimated from samples comparable to that for which they are being applied 
(3). 
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Figure 3. Relationship between 
OMS and OMD in primary growth 
grass silages based on in vitro PC 
measurements in two Finnish 
laboratories (n = 27, data from III) 
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4.1.3 Indigestible NDF as a predictor of forage OMD 
 
4.1.3.1 Definition of indigestible cell wall fraction 
 
A systematic approach shows that the cell wall fraction that is completely resistant to 
digestion (INDF) and the rate of digestion (kd) and passage (kp) of potentially fermentable 
fibre (DNDF) are the basic feed constraints affecting NDF digestibility in ruminants (Allen 
and Mertens, 1988). It is evident that chemical methods (e.g. lignin), their mathematical 
expressions and even developed fungal cellulases (see Chapter 4.1.1.2) are not capable of 
separating forage cell wall components into DNDF and INDF in a manner, similar to rumen 
microbes in vivo. Therefore, a biological system is required (Van Soest, 1994), based on well-
managed rumen fluid batch culture methods (Traxler et al., 1998), or prolonged in situ 
incubation in nylon bags of small pore size (Lippke, et al., 1986; Tamminga et al., 1990; 
Jaakkola et al., 1991; III). 
However, as discussed in III, the ultimate extent of NDF digestion may not be 
reached by in vitro methods. Furthermore, use of in vitro or in situ degradation data in a 
simple one-pool ruminal model (Ørskov and McDonald, 1979) for estimating readily 
digestible (a) and time dependent digestible (b) NDF fractions may lead to variable estimates 
of INDF [INDF = 1 – (a + b)] depending on the time points chosen for incubation (Rinne et 
al., 1997). Therefore, it seems probable that one of the most consistent methods to determine 
INDF is by extended in situ incubations using nylon bags of small pore size to minimize 
particle inflow and outflow, but still allowing adequate microbial activity inside the bag 
(Huhtanen et al., 1998). 
Nylon bag residues need to be treated with neutral detergent to remove microbial and 
endogenous matter. A definite advantage of this method is that measuring only the end point 
of digestion is less labour intensive than the traditional approach (at least 6 time points). In 
addition, estimates may be considered biologically sound, since faecal recovery of INDF has 
been close to 100% in digestion marker studies (Huhtanen et al., 1994). The drawback of the 
method is the need for surgically modified cattle. In addition, outflow of a proportion of 
soluble lignified material may result in underestimates of INDF content of highly digestible 
grass silages (Huhtanen and Vanhatalo, unpublished; III). 
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4.1.3.2 Relationship between INDF and in vivo OMD 
 
The combined application of neutral detergent extraction and prolonged in situ 
procedure results in two uniform fractions of forage DM. The cell solubles (= DM – NDF – 
ash) fraction is uniform in the Lucas test (I, Figure 4a) and INDF is uniform by definition and 
has a true digestibility of zero. The third fraction, DNDF (= NDF – INDF), is essentially non-
uniform due to variable digestibility according to rates of ruminal digestion and passage 
(Figure 4b). 
The regression slope (= digestibility) in the Lucas test for cell solubles in primary 
growth silages was numerically, but not significantly (P = 0.080), above 1.00. However, 
slopes differed significantly between harvests (1.02 vs. 0.93; P < 0.001), but estimates of 
metabolic faecal OM derived from the intercept of the Lucas test for cell solubles were not 
significantly different (Figure 4a; P = 0.734). 
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Figure 4. Lucas tests for grass silage cell solubles (a) and potentially digestible NDF (DNDF) 
(b). Data from III, n = 52. 
 
Estimates of total NDF digestibility in ruminants can be obtained by using digestion 
constraints (INDF, DNDF, kd and kp) in dynamic models (see Allen and Mertens, 1988). 
Alternatively, INDF may be used in empirical equations to predict OMD, similar to OMS and 
other chemical parameters. This application of INDF resulted in accurate and consistent OMD 
estimates over a set of grass silages containing both primary growth and regrowth samples 
(II). In contrast to OMS and lignin, the intercepts and coefficients of regression were 
numerically very similar for both silage types. Furthermore, red clover and whole crop cereal 
 23
silages (unpublished results; Animal Production Research, MTT Agrifood Research Finland, 
Jokioinen) fell within the same regression line (Figure 5). When all the silage types are 
analysed together (n = 65), the variation explained by the simple linear regression model was 
0.905 with a RMSE of 17.7 g/kg (Figure 5). This implies that INDF may represent a universal 
determinant of digestibility across a range of forages. Further evidence for this is provided by 
the finding that in contrast to chemical parameters and OMS, the relationship between INDF 
and OMD was only marginally dependent on harvesting year (II). 
However, in study II the slope (–1.38) of the regression between INDF and OMD 
deviated from that expected (–1.00). This implies that faecal NDF output increases to a 
greater extent than INDF when grass matures, and/or metabolic OM secretion increases with 
increasing INDF content. Analysis of data in study III reveals that faecal NDF secretion 
increases 1.41 and 1.04 g/kg DM per 1 g/kg DM increase in INDF content in primary and 
regrowth silages, respectively. The respective slopes for OM secretion were 1.45 and 1.05 
g/kg DM per 1 g/kg DM increase in INDF content. The small difference between slopes 
(NDF vs. OM) suggests that metabolic OM secretion increases only slightly in response to 
advancing maturity. Indeed, the effect of INDF content on the excretion of metabolic faecal 
OM (faecal OM – faecal NDF) was not significant (P > 0.05) for both silage types, although 
the average excretion deviated significantly (94.6 and 118.0 g/kg DM for primary growth and 
regrowth silages, P < 0.001, respectively). Assuming no bias in NDF analysis, these results 
imply that either there is a real difference in metabolic OM excretion between the silage 
types, or perhaps as is more likely, the outcome of the Lucas test (Figure 4a) indicating lower 
digestibility of cell contents for regrowth silages remains true. 
 
 
 
 
 
 
 
Figure 5. Relationship between 
INDF and in vivo OMD for grass 
(solid line; n = 52; data from III), 
red clover (n = 6, unpublished) and 
whole crop cereal (n = 7, 
unpublished) silages 
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On the whole, results from II and re-analysis of data from study III suggest that the 
rate of DNDF digestion is decreased with increasing INDF content, i.e. developing maturity, 
since the rate of passage should be rather constant in sheep fed at maintenance. The inclusion 
of a parameter for the rate of DNDF digestion, as proposed by Khazaal et al., 1993, may 
therefore improve this empirical equation. Consistent with this suggestion, two red clover 
samples (Figure 5) of high INDF content (> 200 g/kg DM) had a higher OMD than predicted 
by linear regression. In contrast to grass, the rate of DNDF digestion of legume forages is 
known to be more rapid, in spite of higher lignin and INDF content (Van Soest, 1994). 
Instead of including a parameter for the rate of DNDF digestion, a curvilinear regression 
equation would also improve the accuracy of OMD prediction accuracy of feeds high in 
INDF, since the regression term for the second order polynomial for INDF content was highly 
significant (see Figure 5, P = 0.003). Nevertheless, it can be concluded that for prediction of 
grass silage OMD, a universal linear equation based on INDF content gives more consistent 
results over different years and harvests than OMS. Further data is needed to substantiate if a 
universal equation performs satisfactorily also across a range of forage species (grass, 
legumes and whole crop cereal silages). 
 
4.1.4 Calibration schemes for NIRS in estimating grass silage ME value 
 
The ultimate goal of feed evaluation of on-farm silages is to provide producers with 
reliable estimates of energy and protein values at reasonable cost and within a reasonable 
timeframe. On a large scale, this can be achieved by careful calibration of NIRS equipment 
against a valid reference method (for reviews see Givens et al., 1997; Deaville and Flinn, 
2000). In the current feed evaluation system adopted in Finland (Tuori et al., 2002), energy 
allowances for ruminants are expressed in terms of metabolisable energy (ME). In the case of 
grass silage, ME-content (MJ/kg DM) is estimated using a simple equation (ME = 0.016 × D-
value), where D-value is the content of digestible organic matter in DM (g/kg), that is 
calculated as OMD (g/kg) × [1000 – ash (g/kg)]/1000. According to the system, OMD values 
are essentially determined in sheep fed at maintenance. Consequently, there are several 
calibration schemes in existence for NIRS prediction of silage ME-values (see Table 4). The 
first choice to be decided is whether to calibrate NIRS directly to D-value, or to calibrate on 
the basis of both OMD and ash, since OMD remains the key biological parameter due to the 
relatively unpredictable nature of variation in the gross energy content of grass silages 
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(method 1-4 vs. 5-8, Table 4). Secondly, OMD or D-value may be calibrated against in vivo 
sheep OMD (method 1) or that estimated with specific (2) or non-specific OMS-equations (3) 
or INDF (4). The equations for D-value may, or may not, contain ash as an additional 
regressions term, since it has improved the prediction accuracy in some studies (de Boever, et 
al. 1988; Givens et al., 1989; I). Additionally, NIRS may be calibrated for INDF content and 
subsequently calculate D-value using empirical equations with or without ash content 
(methods 9 and 10). For comparison, methods based on CP and ADF are included (methods 
11 and 12). 
 
Table 4. Different calibration schemes for NIRS in predicting grass silage D-value 
Method Calibrationa Reference methodb/Equation
1 OMDc ashg In vivo OMD, furnace ashing
2 OMD, ash OMD = 81 + 0.86 × OMSd, furnace ashing 
3 OMD, ash Primary growth: OMD = 100 + 0.86 × OMS, furnace ashing 
Regrowth: OMD = 35 + 0.89 × OMS, furnace ashing 
4 OMD, ash OMD = 845 – 1.40 × INDFe, furnace ashing 
5 D-valuef In vivo D-value 
6 D-value D-value = 176 + 0.90 × OMS – 2.19 ash 
7 D-value Primary growth: D-value = 165 + 0.82 × OMS  – 1.18 ash 
Regrowth: D-value = – 27 + 1.19 × OMS– 2.40 ash 
8 D-value D-value = 846 – 1.30 × INDF – 0.83 ash 
9 INDF D-value = 780 – 1.32 × INDF 
10 INDF, ash D-value = 846 – 1.30 × INDF – 0.83 ash 
11 CPg, ash D-value = 583 – 1.66 × ash + 1.39 × CP
12 ADFg, ash D-value = 1339 – 3.19 × ash – 1.33 × ADF
a Calibration methods described in III; b Data from III; n = 52; c Apparent organic matter digestibility 
(g/kg); d Pepsin-cellulase organic matter solubility (g/kg); e Indigestible neutral detergent fibre (g/kg 
DM); f Digestible organic matter content in dry matter (g/kg DM); g Crude protein (CP), Acid 
detergent fibre (ADF) and ash expressed as g/kg DM. 
 
In general, NIRS appears to be very accurate and precise method, irrespective 
whether calibrated against in vivo or laboratory measurements (Table 5). The proportion of 
variance accounted for (NIRS vs. reference) by the NIRS models was above 0.900, and the 
ratio of population s.d. to s.e.p. in excess of 3, except when ADF was used (method 12). 
Direct calibration of NIRS against D-value, irrespective of the calibration method (methods 5-
8), tends to be more favourable than the calibration of both OMD and ash (methods 1-4, Table 
5). Minerals do not absorb near infrared light specifically, which results in a reasonably 
inaccurate prediction of silage total ash content. For example, in a dataset of 52 silages (III) 
the cross validation prediction error (s.e.c.v.) for ash content was 8.9 g/kg DM and the ratio of 
population s.d. to s.e.c.v. was only 1.5. 
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(method 1-4 vs. 5-8, Table 4). Secondly, OMD or D-value may be calibrated against in vivo 
sheep OMD (method 1) or that estimated with specific (2) or non-specific OMS-equations (3) 
or INDF (4). The equations for D-value may, or may not, contain ash as an additional 
regressions term, since it has improved the prediction accuracy in some studies (de Boever, et 
al. 1988; Givens et al., 1989; I). Additionally, NIRS may be calibrated for INDF content and 
subsequently calculate D-value using empirical equations with or without ash content 
(methods 9 and 10). For comparison, methods based on CP and ADF are included (methods 
11 and 12). 
 
Table 4. Different calibration schemes for NIRS in predicting grass silage D-value 
Method Calibrationa Reference methodb/Equation
1 OMDC ashc In vivo OMD, furnace ashing
2 OMD, ashc OMD = 81 + 0.86 × OMSd, furnace ashing 
3 OMD, ashc Primary growth: OMD = 100 + 0.86 × OMS, furnace ashing 
Regrowth: OMD = 35 + 0.89 × OMS, furnace ashing 
4 OMD, ashc OMD = 845 – 1.40 × INDFe, furnace ashing 
5 D-valuef In vivo D-value 
6 D-value D-value = 176 + 0.90 × OMS – 2.19 ash 
7 D-value Primary growth: D-value = 165 + 0.82 × OMS  – 1.18 ash 
Regrowth: D-value = – 27 + 1.19 × OMS– 2.40 ash 
8 D-value D-value = 846 – 1.30 × INDF – 0.83 ash 
9 INDF D-value = 780 – 1.32 × INDF 
10 INDF, ash D-value = 846 – 1.30 × INDF – 0.83 ash 
11 CP, ash D-value = 583 – 1.66 × ash + 1.39 × CP
12 ADF, ash D-value = 1339 – 3.19 × ash – 1.33 × ADF
a Calibration methods described in III; b Data from III; n = 52; c Apparent organic matter digestibility 
(g/kg); d Pepsin-cellulase organic matter solubility (g/kg); e Indigestible neutral detergent fibre (g/kg 
DM); f Digestible organic matter content in dry matter (g/kg DM); g Crude protein (CP), Acid 
detergent fibre (ADF) and ash expressed as g/kg DM. 
 
In general, NIRS appears to be very accurate and precise method, irrespective 
whether calibrated against in vivo or laboratory measurements (Table 5). The proportion of 
variance accounted for (NIRS vs. reference) by the NIRS models was above 0.900, and the 
ratio of population s.d. to s.e.p. in excess of 3, except when ADF was used (method 12). 
Direct calibration of NIRS against D-value, irrespective of the calibration method (methods 5-
8), tends to be more favourable than the calibration of both OMD and ash (methods 1-4, Table 
5). Minerals do not absorb near infrared light specifically, which results in a reasonably 
inaccurate prediction of silage total ash content. For example, in a dataset of 52 silages (III) 
the cross validation prediction error (s.e.c.v.) for ash content was 8.9 g/kg DM and the ratio of 
population s.d. to s.e.c.v. was only 1.5. 
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Nevertheless, the direct calibration against in vivo OMD and ash resulted in fairly 
good total prediction accuracy for D-value (s.e.c.v. = 13.8, s.d./s.e.c.v. = 3.93; data not 
presented). However, all the prediction errors presented in Table 5 are likely to be higher 
when calibrations are applied to unknown independent on-farm samples. In addition, silages 
used for this evaluation were harvested and ensiled under strictly controlled conditions, which 
also reduces prediction error. This is supported by the results obtained in study III, where the 
prediction error for INDF calibration was markedly higher for farm samples than for 
experimental silages. 
The use of specific OMS equations improved total prediction accuracy, especially 
when D-value was predicted from NIRS estimates for OMD and ash (method 2 vs. 3). This is 
not surprising, since at a certain level of OMD, OMS was significantly higher in regrowth 
than in primary growth silages (II). The difference between general and specific OMS 
equations was less pronounced when OMS and ash values were used in bi-variate regressions 
to produce reference values for NIRS D-value calibrations (method 6 vs. 7, see Table 5). This 
is most probably related to the adjustment of the prediction errors by high regression 
coefficients for ash, both for general and regrowth equations (–2.2 and –2.4, respectively, 
Table 4), which clearly deviate from the value of one expected. Although both D-value 
calibration schemes based on OMS and ash (methods 6 and 7) resulted in numerically 
acceptable (s.e.p. = 16.2 and 13.9; s.d./s.e.p. 3.33 and 3.88) predictions, the non-biologically 
significant coefficient for ash may result in serious over-fitting if silage samples are 
contaminated with soil or ash determinations are biased due to analytical errors. These results 
are in agreement with those reported by de Boever et al. (1988) and Givens et al. (1989), who 
observed that including ash content in bi-variate regression in addition to cellulase soluble 
OM improved the prediction of D-value. For the latter study, the coefficient for ash was also 
significantly above one (1.2-1.5). 
All D-value calibration schemes based on INDF (methods 4 and 8-10, see Table 4) 
resulted in an acceptable total prediction. Direct D-value calibration (method 8) was slightly 
better than indirect calibration (method 4). In contrast to OMS, the coefficient for ash in bi-
variate calibrations (0.83) does not provide evidence of over-fitting problem with soil-
contaminated samples. This implies that, in spite of numerically better calibration 
performance with OMS, the method based on INDF is sounder with respect to biological 
response. An additional advantage is that one general equation is adequate to cover both 
primary growth and regrowth samples, which was also observed for OMD in study II. An 
alternative calibration scheme could be to calibrate INDF for NIRS and then use the NIRS 
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estimates in an empirical equation to predict D-value. This method was only slightly less 
accurate than direct calibration (method 10 vs. 8, Table 5). As reported in study III, NIRS can 
be used to accurately distinguish NDF, INDF and DNDF in grass silage that is superior to 
other methods based on chemical determinatio or enzymatic extraction. Because future 
dynamic feed evaluation systems require reliable estimates of NDF and INDF (e.g. Nordic 
Karoline model; Huhtanen, personal communication), it would be advantageous to also base 
OMD and D-value determinations in traditional ME-systems on INDF. 
 
 
 
 
 
 
 
 
Figure 6a. Proportion of error 
variance attributable to reference 
methods in predicting silage D-
value by various NIRS 
calibration methods (Data from 
III) 
 
 
 
 
 
 
 
 
 
 
Figure 6b. Relationship between 
error variance attributable to 
reference method and total NIRS 
error (s.e.p.) in the prediction 
silage D-value (Data from III) 
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The total error (predicted vs. in vivo, table 5) of indirect NIRS calibration schemes 
includes errors related to reference laboratory procedures and that due to NIRS. As stated 
earlier and in number of published work (e.g. Barber et al., 1990; de Boever et al., 1996), the 
precision of a NIRS calibration is often better than that of reference chemical determinations. 
Among different calibration schemes for D-value, the proportion of the total error of different 
reference methods varies between 0.4-0.9 (Figure 6a). The method based on prediction of CP 
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or ADF by NIRS followed by the use of empirical regression to calculate D-value, was very 
inaccurate in spite of a low prediction error between NIRS and chemical reference 
measurements (R2 > 0.9 and s.d./s.e.p. > 3.5). Even though they are widely used, calibration 
systems using any chemical components of standard feed analysis or combinations of them, 
often fail due to the lack of biological significance or due to heavy dependence of prediction 
equations on environmental factors (see chapter 4.1.1; I; II). These findings are in agreement 
with those of Offer (1993), who observed that MADF predicted by NIRS resulted in much 
less accurate estimates of ME-content of grass silage than direct calibration for in vivo OMD. 
In conclusion, the robustness of an indirect NIRS calibration scheme is heavily dependent on 
the biological significance and accuracy of the reference methods used, while total error 
dramatically increases alongside the increase in the proportion of reference error (Figure 6b). 
In contrast to chemical parameters, OMS and INDF in particular, offer a more reliable basis 
for indirect calibration of NIRS for the prediction of silage D-value. 
 
4.2 Prediction of grass silage intake of dairy cows 
 
Analysis of empirical milk production data indicates that variation in total ME 
supply in dairy cows is affected both by the intake of silage DM (SDMI) and its digestibility 
(Huhtanen, 2002). Mertens (1994) reported that 60 to 90 per cent of the variation in digestible 
energy intake by dairy cows is attributable to total dry matter intake (TDMI), but only 10 to 
40 per cent to variations in digestibility. This conclusion may, however, be an over-
simplification of the causal mechanisms, since digestibility also affects SDMI. Nevertheless, 
these empirical observations underline the importance of predicting intake for formulating on-
farm dairy cow rations. 
The mechanisms of the intake regulation in ruminants have been discussed in 
numerous reviews (Mertens 1994; Van Soest 1994; Jung and Allen, 1995; Allen 1996; 
Huhtanen, 2002). The basis of all theories relies on the concept that gut fill limits intake due 
to signals resulting from distension of the reticulo-ruminal wall. Several experiments have, 
however, demonstrated that TDMI is also affected by the ability of an animal to use ingested 
energy. The traditional theory presumed a bi-phasic regulation, where distension limits intake 
until a diet digestibility threshold (physical regulation), and thereafter the ability of the animal 
to use energy becomes limiting (metabolic regulation) (Conrad et al., 1964). More recent 
models do not accept a distinct point where physical limitations due to diet digestibility are 
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replaced by the metabolic stimuli arising from satisfaction of energy requirements (Mertens, 
1994; Huhtanen, 2002). Many studies have shown that dairy cows may increase TDMI in 
response to protein supplements resulting in larger ruminal NDF pools, without concomitant 
changes in diet digestibility (see Huhtanen, 1998). Moreover, the improvements in grass 
silage OMD, due to earlier maturity at harvesting, have resulted in higher SDMI but the size 
of the NDF pool in rumen has decreased concomitantly (Rinne et al., 2002). Such findings 
imply that physical and metabolic signals simultaneously control intake rather than 
independently. Several mechanistic approaches reported e.g. by Mertens (1994) and Jung and 
Allen (1995) are not yet applicable for predicting TDMI in practice, but provide us a better 
understanding and description of the factors underlying intake regulation. 
 
4.2.1 Effect of silage digestibility on intake 
 
Total feed intake by cows is a function of animal characteristics, intrinsic feed 
properties and attributes of the feeding situation (Mertens, 1994). The results of many 
published studies based on evaluation of historical production and intake data clearly 
demonstrate the positive relationship between digestibility or D-value with SDMI (Steen, 
1995; Rinne, 2000; Huhtanen 2002; IV). In study IV, the mean response in SDMI per 1 g/kg 
DM increase in D-value was 15.6 g estimated using a mixed regression model that included 
the random effects of experiment or sub-experiment within experiment. Steen et al. (1998) 
observed a similar relative effect of D-value on SDMI in growing cattle. A model including a 
linear effect of D-value and the random effect of experiment explained proportionally 0.954 
of the total variation in SDMI and 0.756 of the variation within experiments (IV). Inclusion of 
a quadratic term for D-value did not significantly improve the model fit, although results of 
Rook et al. (1991) suggested a curvilinear relationship between D-value and SDMI. 
Results in study IV clearly imply that the regression coefficient for D-value is 
heavily dependent on TDMI, i.e. dairy cow production potential. For a TDMI below 16 kg/d 
or over 19 kg/d, a mean intake response of 14.9 and 17.5 g per 1 g/kg DM increase in D-value 
was observed. In addition, residuals between predicted and observed SDMI were significantly 
related to TDMI (IV). This may be explained by general intake regulation theory, that with 
higher production potential cows tend to eat to a higher gut fill, i.e. ruminal distension is less 
limiting for high than low producing animals (Mertens, 1994; Huhtanen, 2002). According to 
Johnson et al. (2003), beef cows consumed 0.35 kg more forage DM in response to a one kg 
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increase in MY. In addition, improved genetic merit of the cows tended to increase intake in 
early lactation. Huhtanen (1998) reported a mean SDMI response of 0.41 kg per one kg of 
MY based on analysis of dairy cow experiments conducted between 1985 and 1993 in the 
same experimental herd. In a single study, Rinne et al. (1999) reported corresponding 
responses of 16.2 g per 1 g/kg DM increase in D-value at a mean TDMI of 19.2 kg/d and MY 
of 29.0 kg /d. In a trial conducted 8 years later including two primary growth and four 
regrowth silages, with similar type of animals and concentrate supplementation (unpublished, 
Animal Production Research, MTT Agrifood Research Finland, Finland) mean SDMI 
response was as high as 37 g per 1 g/kg DM increase in D-value. TDMI and MY of the cows 
were 23.3 and 33.2 kg/d, respectively. However, the interpretation of the results in single 
studies should be made with caution, since silage DM content and fermentation quality may 
modify SDMI responses to increases in D-value. 
The underlying mechanism of the increase in SDMI in response to improved D-value 
is thought to be faster clearance of dietary NDF from the rumen. However, it has been 
suggested that NDF concentration influences SDMI more than OMD or D-value (Mertens, 
1994). Result obtained from study IV with a limited number of observations (n = 36) does not 
support this suggestion. NDF content explained less variation in SDMI than D-value. A bi-
variate model including both variables did not improve the accuracy of the prediction 
compared with D-value alone. In agreement with this, Rinne et al. (1999) demonstrated large 
SDMI responses due to increases in D-value, without concomitant changes in silage NDF 
content. The cell wall content of forage evidently influences gut fill and SDMI (IV), but a 
major proportion of the variation within forage species is attributable to NDF digestion 
dynamics (see Jung and Allen, 1995). However, NDF may be an important determinant of 
SDMI when differences between forage species are considered (e.g. grasses vs. legumes). In 
an analysis of data from Bertilsson et al. (2002) that included legume and grass silages, both 
the effects of NDF and D-value in a bi-variate regression model were significant. 
Furthermore, a summary of five trials comparing grass and grass–red-clover silages in dairy 
cows at approximately the same D-value showed a 0.56 kg increase in SDMI when the 
proportion of legume crop in silage increased from 0 to 500 g/kg DM (Heikkilä et al., 1992; 
1996). 
Supplementary concentrate feeding may further modulate SDMI response to D-value. 
This is supported by a significant interaction between the proportion of concentrate and silage 
D-value in SDMI (IV). Calculated SDMI responses were 17.6 and 12.1 g per 1 g/kg DM 
increase in D-value when concentrate intake was 4 and 12 kg DM/d, respectively. Protein 
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supplementation is known to increase SDMI per se (Huhtanen, 1998), but evidence of an 
interaction with silage D-value is lacking. No interaction was identified in a study examining 
responses to 1.15 kg of rapeseed meal across a range of grass silage D-values from 639 to 739 
g/kg DM (Rinne et al., 1999). 
 
4.2.2 Effect of grass silage fermentation quality on intake 
 
Prediction of TDMI in dairy cows fed diets based on ensiled forages is known to be 
more complicated than for diets based on fresh or dried forages. While sward type and cell 
wall properties (NDF content, extent and rate of NDF digestion) generally constrain the intake 
potential of all forages (Van Soest, 1994; Jung and Allen, 1995; Allen, 1996), the 
fermentation products formed during ensiling further modulate SDMI (Steen et al., 1995; 
Huhtanen, 2002; IV). Analysis of data in study IV showed that all silage fermentation 
products depress SDMI. For the whole dataset, the content of total acids (TA) in silage [lactic 
acid + volatile fatty acids (VFA), g/kg DM] was the best single predictor of SDMI (R2within = 
0.414), followed by lactic acid and ammonia N (g/kg N) (R2within = 0.312 and 0.294, 
respectively). The higher regression coefficients for VFA compared with TA or lactic acid for 
SDMI predictions (–25.6 vs. –13.7 or –13.0 g/g kg DM, respectively) imply that secondary 
fermentation is more detrimental than lactic acid fermentation. These results are in general 
agreement with those of other evaluations, (e.g. Wilkins et al., 1971; Rook et al., 1990; 1991; 
Steen et al., 1995; 1998), although the effects and statistical significance of single silage 
characteristics on SDMI vary between studies. For example, Steen et al. (1995) concluded 
that lactic acid and VFA in silage are of little importance in determining SDMI. The 
inconsistency between evaluations can be attributed to the proportion of different silage types 
in the historical datasets, type of animals and statistical models used (for discussion, see IV). 
Results based on large datasets in combination with improved statistical methods (IV) imply 
that the extent of fermentation, from which the formation of lactic acid, VFA and ammonia is 
an associative implication, essentially depress SDMI. 
The effects of silage fermentation products on SDMI were curvilinear (IV; Figure 7). 
Total fermentation acids and lactic acid caused an increasing depression in SDMI per unit 
increase in concentration. In contrast, total and single VFA and ammonia N (g/kg N) showed 
a greater decline in SDMI at lower than higher concentrations. These responses imply that the 
extent of silage fermentation decreases SDMI in a rate dependent manner (see Figure 7).  
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Figure 7. Second-degree polynomial relationships between individual silage fermentation 
characteristics on silage dry matter intake estimated by mixed regression analysis, which accounts 
for between-experiment variations (Equations from IV) 
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In restrictively fermented silages the main bacterial metabolite is lactic acid and only 
limited amounts of VFA and ammonia are produced. Consequently, the decrease in SDMI 
with higher amounts of fermentation products is relatively linear. As fermentation advances, 
formation of VFA and ammonia increases and the depression of SDMI begins to increase. 
This is supported by the results of bi-variate regression models, in which both the effects of 
TA and VFA or TA and ammonia N were significant (IV). 
The mechanisms underlying decreases in SDMI due to ensiling may include a direct 
effect on palatability due to fermentation products (Van Os et al., 1997; Keady and Murphy, 
1998). The main causal factor is, however, most likely to arise from an imbalance in nutrient 
supply at tissue level (Van Soest, 1994; IV). With increases in the extent of silage 
fermentation, the ruminal microbial protein synthesis is decreased (Jaakkola, 1992) due to 
reduced supply of ATP from modified silage carbohydrates (Chamberlain, 1987). In addition, 
degradation of forage CP may depress both ruminal microbial protein synthesis and the flow 
of dietary non-ammonia N into the small intestine (Choi et al., 2003). As a result, the balance 
between absorbed amino acids (AA) and ME may be significantly changed, with the 
consequence of reduced milk production and intake. 
 
4.2.3 Prediction of silage intake of dairy cows in practice 
 
Many attempts to predict absolute SDMI or TDMI on silage-based diets have 
included empirical regressions using attributes of feed quality and animal parameters (for 
reviews see Steen et al., 1995; Huhtanen 2002). Alternatively, NIRS calibrated against in vivo 
intakes determined under standardised feeding regimes with non-lactating ruminants has been 
used (Gordon et al., 1998; Park et al., 1998). However, any attempt to predict absolute DM 
intake by an individual cow, or even a group of cows, faces the difficulty that besides feed 
quality, TDMI is further influenced by physiological state, production potential, 
supplementary feeding and other management factors. The empirical regression methods 
based on large historical datasets have often failed to predict SDMI with an acceptable level 
of accuracy since the fixed regression models do not account for the variations attributed to 
factors related to animals and their management within a single experiment (IV; Huhtanen, 
2002). The NIRS estimates for SDMI, even if they are highly accurate as judged by validation 
statistics, may be difficult to apply to lactating dairy cows if reference intakes are determined 
in sheep fed at maintenance or growing cattle. 
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As discussed above (see Chapter 4.2.1), production potential may be the most 
important determinant of TDMI within an animal or diet. Consequently, several attempts have 
been made to predict intake with empirical regression methods using MY as one of several 
factors. The performance of these models is acceptable and appears to be biologically sound. 
However, the conceptual basis of these models with respect to practical situations is 
questionable. The general aim of ration formulation is to develop the most appropriate diet 
based on feed quality, animal factors and predicted TDMI. Production response of a 
formulated diet is expressed as the observed intake, supporting a certain level of milk yield. 
From this perspective, ration formulation at best may provide an estimate of expected intake 
and MY, but the use of historical MY data for retrospective predictions of intake are of little 
value. 
 
4.2.3.1 Silage Intake Index 
 
An alternative approach to estimating absolute SDMI in dairy cows is to predict 
relative SDMI with regression models using silage quality parameters and intakes derived 
from production studies with dairy cows (IV). The basic difference to previously published 
work is that mixed regression models include a random study effect that accounts for 
between-experiment variations in intake (St-Pierre, 2001; see Chapter 3.6). The results 
showed that a major part of the variation in SDMI was attributed to between-study 
differences, both in silage maturity and fermentation quality datasets (IV). These differences 
most likely reflect variations in the level and type of concentrate supplementation, production 
potential of animals and feeding management between experiments. 
Based on the results of comprehensive data analysis in IV, a relative SDMI index 
was proposed for practical ration formulation. For the D-value dataset (IV), the model data 
were limited to trials where TDMI and proportion of concentrate was at least 15 kg DM/d and 
0.30, respectively (n = 106). The SDMI index model is based on the theoretical approach by 
Weston (1996; see IV) that has also been discussed previously (Rinne, 2000; Huhtanen, 
2002), and is described by the following equation: 
SDMI index = 100 + 0.151 × (D-value – 690) – 0.000531 × (TA2 – 6400) – 4.765 × 
[Ln(Ammonia N) – Ln(50)] (1) 
where D-value and TA are expressed as g/kg DM and ammonia N as g/kg N. Values of 690 
and 80 g/kg DM and 50 g/kg N for D-value, TA and ammonia N represent mean silage 
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quality parameters for early harvested and restrictively fermented grass silage, respectively. 
The model parameters are limited to values that can be determined from farm silages by NIRS 
(D-value; Nousiainen and Hellämäki, 2000) or electrometric titration (lactic acid and VFA; 
Moisio and Heikonen, 1989). Natural logarithm transformation of ammonia N was also 
included, since the use of a quadratic polynomial would have predicted increase in SDMI at 
high levels of ammonia N (Figure 7). The model combines the effects of silage D-value and 
fermentation quality and assumes no interactions. Until now, research data has been too 
limited to reject or confirm this hypothesis, since no published data have simultaneously 
examined the effects of grass silage maturity and silage additives. However, it is unlikely that 
the potential SDMI of a given silage would be affected by other intrinsic feed parameters than 
those related to physical gut fill (digestibility, clearance rate of NDF). Consequently, any 
interaction between fermentation quality and digestibility on SDMI apparently arises from 
metabolic signals associated with the lower protein value of extensively fermented silages 
(see discussion in IV). Therefore, it may be argued that SDMI responses to increased D-value 
would be lower for extensively than restrictively fermented silages. The magnitude of this 
interaction, however, may not be quantitatively very important because any marked 
interaction between grass silage D-value and protein supplementation has not been reported 
(Rinne, 1999; Huhtanen, 2002). 
The index was scaled to a SDMI of approximately 10 kg DM/d (IV). The model 
assigns 100 points to a typical good quality silage (D-value 690, TA 80 g/kg DM and 
ammonia N 50 g/kg N), which means that one unit change in the SDMI index corresponds to 
0.1 kg of silage DM intake. In a separate evaluation using limited datasets (Table 6), one 
index unit corresponded, on average, to 0.084 and 0.091 kg SDMI for silage maturity and 
fermentation quality datasets, respectively. The lower values per one index unit than expected 
(0.1) may arise from interactions between model parameters. The proportion of variance 
accounted for by the index model was 0.945 and 0.950 for silage maturity and fermentation 
quality datasets, respectively, and the ratio of s.d. to s.e.p. of the model was well above 
acceptable (2.5) limit (4.27 and 4.49, respectively). Values of s.e.p. were on average only 3.7 
per cent of mean intake. 
 
Table 6. Evaluation of a silage intake index to predict DM intake 
Dataseta n SDMI s.d. Observed vs. predictedb s.d./s.e.p. Index SDMI/ 
   kg /d  Intercept Slope s.e.p. R2   point, kg
Silage maturity 35 10.64 1.584 -0.36 1.03 0.371 0.945 4.27 98.8 0.084 
Silage quality 96 11.11 1.957 -0.25 1.02 0.436 0.950 4.49 98.7 0.091 
a Data partly from IV; b Regression model SDMI = Trial + Concentrate(Trial) + Index 
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Prediction of SDMI by NIRS would undoubtedly have to be considered for farm 
silages. Steen et al. (1998) reported s.d./s.e.p. and R2 values of approximately 3.50 and 0.900 
for calibration of SDMI with growing cattle. The absolute calibration error was about 4.9 per 
cent of mean intake. These performance values are comparable to results in study IV using 
SDMI index (see Table 6). However, it is uncertain to what extent NIRS estimates obtained 
with such a calibration are directly applicable in dairy cows due to differences in feeding 
level, i.e. the NIRS estimates may be relative rather than absolute. Prediction errors in the 
evaluation of SDMI index (Table 6) were significantly correlated with level of absolute SDMI 
for both silage maturity and fermentation quality datasets (P = 0.036 and 0.002, respectively). 
This implies that SDMI index is also relative to total intake, i.e. the value of the index (kg 
SDMI/unit) increases with increases in intake potential. The mixed regression method used 
for evaluation (Table 6) is capable of correcting mean differences between experiments, but it 
does not account for possible interactions between silage quality and TDMI (i.e. production 
potential of cows, for discussion see Chapter 4.2.2). 
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Figure 8. Analysis of residuals between observed and predicted silage intakes in relation to 
absolute intake for evaluation datasets (a: silage maturity; b: silage fermentation quality) for 
silage intake index (see Table 6). 
 
4.2.3.2 Further developments of SDMI index 
 
The relative SDMI index developed in study IV may be improved if more detailed 
description of silages will become available. For example, the best model for the prediction of 
SDMI within the silage quality dataset included a quadratic term for lactic acid and natural 
logarithm terms for propionic acid and ammonia N (IV). As a result the RMSE of the model 
decreased from 0.416 to 0.394 kg DM compared to the proposed SDMI index model. 
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However, this improvement may be of little significance in practice and currently there is no 
method available for the measurement of individual VFA in farm silages of acceptable 
accuracy and cost (Moisio and Heikonen, 1989). 
The application of SDMI index in practice is not straight-forward. When SDMI 
index decreases 5 points, a 0.5 kg DM depression in ad libitum silage intake is expected. 
Assuming a mean substitution rate (0.5; see IV), the depression of SDMI could be 
compensated by supplementation with 1 kg of concentrate DM to maintain TDMI. However, 
since ME intake also depends on silage D-value, Huhtanen (2002) proposed a silage ME 
intake (MEI) index. MEI index is calculated by scaling the SDMI index to a constant D-value, 
i.e.: 
MEI index = Silage D-value (g/kg DM) × SDMI index/690 (g/kg DM) (2). 
Using equation (2) the MEI index is 100 when SDMI is 100 points and silage has a D-value 
of 690 g/kg DM. Calculation of MEI index may help in determining appropriate concentrate 
supplementation when the quality of silage varies. However, the need for supplementary 
feeding is further complicated due to variations in substitution rates with the amount and type 
of concentrates (energy vs. protein supplements) and in forage quality. To improve estimates 
of TDMI and MEI, Huhtanen (2002) proposed relative total diet indexes for TDMI and MEI. 
These values are based on the assumption that DM and ME intake responses to concentrate 
and protein supplementation can be converted to index points in same manner as silage SDMI 
and MEI indexes (CDMI and PDMI, respectively). In addition, negative associative effects 
between forage and concentrate can be accounted for by estimating true increases in MEI in 
response to supplementation from empirical production data. A preliminary evaluation of the 
additive model (SDMI + CDMI + PDMI) within 24 studies and among 177 diets yielded a 
RMSE of 0.423 kg DM in TDMI, showing the potential of this approach (Huhtanen, 2002). 
As discussed earlier (see Chapter 4.2.1), potential TDMI and ME intake also varies 
in response to factors other than forage quality and concentrate supplementation (Van Soest, 
1994; Mertens, 1994; Huhtanen, 2002). Consequently, the SDMI index may be further 
improved by adding animal (size, live weight and production potential) and management 
(type of housing and feeding system) factors and type of forage (legume vs. grass or un-wilted 
vs. wilted silage) into the model. Estimation of these factors may be conducted by similar 
types of data analysis used in study IV, or as reported by Huhtanen (2002). The weakness of 
this approach is the empirical nature of the models, i.e. the relationships are only applicable 
for similar data from which they are estimated. Another problem is the possibility of 
interactions between model parameters, which perhaps cannot be estimated due to a lack of 
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data and/or the complicity of the biological phenomena. Therefore, there is a need for more 
mechanistic approaches to predict forage intake in the future (Van Soest, 1994; Petruzzi, 
2002). In the mean time, however, the empirical and relative indexes for silage (SDMI; IV) or 
total diet (TDMI and MEI; Huhtanen, 2002) intake may assist in maximising profit from on-
farm forage resources. 
 
4.3 Monitoring N intake and output with milk urea concentration 
 
Most of the variation in milk production potential in dairy cows on silage-based diets 
can essentially be explained by TDMI and MEI (see Chapter 4.2), but a smaller part of 
variation arises from variation in the supply of AAT and possible imbalances between 
absorbed AA and AA requirements. Huhtanen (1998) reported improvements of 80 g/d in 
SDMI and 0.34 kg/d in MY per 10 g increase in concentrate CP content in response to 
replacing 2 kg of energy concentrates with 2 kg of rape seed meal. Moreover, in the study of 
Rinne et al. (1999) MY was increased by 0.44 kg/d in response to a 10 g/kg DM increase in 
concentrate CP, although the high D-value of silage (739 g/kg DM) did not limit TDMI. This 
was confirmed by rumen evacuation data, which indicated a smaller ruminal NDF pool when 
less mature grass silage was fed (Rinne et al., 2002). Based on production studies in Finland 
and elsewhere, it can be concluded that consistent SDMI and MY responses are obtained with 
good quality protein supplements, irrespective of grass silage digestibility and CP content 
(Huhtanen 1998; Rinne, 2000). 
Despite consistent and economically realistic production responses with protein 
supplements, the marginal milk protein yield responses to high quality (rape seed meal or fish 
meal) dietary proteins are only about 0.15-0.16 g/g (Huhtanen, 1998; Huhtanen et al., 2003). 
In the whole dataset of study V, the mean N utilization of 306 diets was 0.28 (s.d. = 0.033). 
Combined with low marginal responses to good quality protein, this means that supplemental 
N always decreases total N utilization and increases urinary N excretion per unit milk. 
Consequently, the risk for higher N emissions into the environment is potentially enhanced 
(see reviews of Castillo et al., 2000 and Huhtanen et al., 2003). In addition, feeding excessive 
amounts of protein may retard reproduction performance in cows, although the results of 
single feeding experiments have been somewhat inconsistent (see Shingfield et al., 1999). In 
summary, there is considerable evidence for the need to use diagnostic tools to monitor and 
control N inputs and outputs in practical milk production systems. 
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Blood urea is the major end product of N metabolism in ruminants and a high blood 
concentration (BUC) essentially indicates poor utilization of dietary protein. Being a small 
molecule, urea equilibrates freely between body fluids and therefore consistent correlations 
between BUC and milk urea concentration (MUC) have been established. Results of the data 
analysis of Broderick and Clayton (1997) and Hof et al. (1997) indicated correlation 
coefficients of between 0.69 and 0.99. Because MUC can be analysed easily and reliably from 
bulk tank or from individual milk samples by simple infrared methods (Hansen, 1998; 
Godden et al., 2000), MUC has been proposed as a tool for monitoring protein feeding in 
dairy cows (Hof et al., 1997; Schepers and Meijer, 1998; Jonker et al., 2002). 
Milk urea concentration has been used in Finland for dairy extension work for over 
10 years (see Shingfield et al., 1999), but the interpretation of MUC results at herd level has 
been based on limited experimental data (Setälä et al., 1987). On the other hand, the latest 
evaluations conducted elsewhere, have been based on either individual animal data or 
treatment means from a limited number of experiments (Jonker et al., 1998; Kaufmann and 
St-Pierre, 2001; Kohn et al., 2002; Frank and Swensson, 2002). In addition, the use of fixed 
regression methods over the whole dataset may lead in erroneous conclusions due to 
confounding management or animal factors associated with single experiments (see Chapter 
3.6). For study V a large dataset (n = 306) was collected. Data included experiments in which 
dietary CP concentration was manipulated by forage N content (fertilization, maturity), forage 
type (grass vs. legume vs. whole crop) or concentrate type (fibrous vs. starchy), CP content 
and forage to concentrate ratio. This approach, combined with mixed regression models, 
offers a more consistent basis for examining the association between MUC and feeding within 
experiments. Within-experiment variation in MUC may correspond to that within single dairy 
farms following a certain feeding strategy. Therefore the relationships between feeding and 
MUC obtained in study V may be more applicable for monitoring on-farm protein feeding 
and N output. 
 
4.3.1 Sources of milk urea 
 
The distribution and sources of protein and non-protein N (NPN) in blood and milk 
have been discussed in numerous reviews (see e.g. DePeters and Cant, 1992; DePeters and 
Ferguson, 1992). Blood and milk urea is mainly derived from two sources: (1) surplus 
ammonia N not incorporated into microbial protein in the rumen and intestines, and (2) N 
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losses associated with AA metabolism in tissues (maintenance) and mammary gland (milk 
protein synthesis). Intra-mammary catabolism of AA is considered to be quantitatively of 
minor importance (DePeters and Ferguson, 1992). 
 
Table 7. Mean distribution of dietary N (g/d) in dairy cows; data from V (n = 269) 
N source Mean s.d. Min Max % Feed % Absorbed  
Feed N 513 81 271 785  
Faecal N 160 27 83 247 31.3  
Absorbed N 352 67 188 640 68.7  
AAT-N 295 35 161 370 57.5 83.7 
Surplus AAT-Na 151 21 88 205 29.4 42.7 
PBV-N 57 52 –67 328 11.2 16.3 
Milk N 142 18 73 183 27.7 40.3 
Urine N 210 59 71 502 41.0 59.7 
Milk urea N 3.7 1.3 1.0 8.6 0.7 1.1 
a Calculated as AAT-N – Milk N 
 
Traditionally, excess ruminal ammonia N has been considered to be the main source 
of blood NPN and urea in blood and milk (Kirchgessner et. al., 1986; Roseler et al., 1990). 
Table 7 describes the distribution of dietary N among 269 diets based on data in study V, 
from trials where N digestibility values were available. Mean utilization of absorbed amino 
acids (AAT) into milk protein was 0.483 (V). This means that the apparent proportion of 
blood NPN arising from AAT metabolism used for milk protein synthesis would be 
approximately 0.44 and that from excess ruminal ammonia (PBV-N) is 0.27, with the rest 
arising from maintenance protein metabolism. The proportion of PBV-N may be significantly 
higher, since the Finnish protein evaluation system (Tuori et al., 2002) may overestimate the 
contribution of rumen microbial protein synthesis to total AAT supply. Assuming that 
utilization of truly absorbed AA into milk N is 0.68 (AFRC, 1992), subtracting milk and 
maintenance N requirements according to Tuori et al. (2002), indicated that the mean 
proportion of PBV-N from absorbed N would be approximately 0.39 (V). In addition, the 
proportion of N losses associated with milk synthesis and maintenance would be 0.32 and 
0.29 from absorbed N. In line with these estimates, DePeters and Ferguson (1992) suggested 
that one third of blood NPN is derived from AA N loss during milk protein synthesis. In 
conclusion, these results demonstrate that AA metabolism is a significant source of blood 
NPN and of urea in blood and milk. 
In study V the average milk urea N (MUN) secretion was 3.7 (s.d. = 1.23) g/d, 
corresponding to 1.1 per cent of absorbed N. In a bi-variate mixed regression model, MUN 
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secretion increased 0.018 and 0.012 g in response to 1 g increase in AAT-N and PBV-N 
intake within experiment, respectively. However, when excess AAT-N (= AAT-N intake – 
Milk N) was used instead of total AAT-N intake, the corresponding slopes for AAT-N and 
PBV-N were 0.018 and 0.016 g secreted MUN/g. The slopes did not differ statistically from 
each other (P < 0.1). These marginal responses also imply that absorbed AA is a significant 
source of blood and milk urea. This result is in contrast to the view of Hof et al. (1997) and 
Schepers and Meijer (1998), who estimated that the contribution of absorbed AA to BUC and 
MUC was relatively minor. The results of the statistical evaluation conducted in V are 
supported by the results obtained in casein infusion studies. For example, Choung and 
Chamberlain (1993) reported a marked increase in BUC with abomasal casein infusion in 
cows fed barley–grass silage diets. Moreover, Khalili and Huhtanen (2002) demonstrated that 
both ruminal and duodenal casein infusions increased MUC, although the effect of the former 
was marginally higher. 
 
4.3.2 Dietary effects on MUC 
 
From the individual feeding parameters studied (V), dietary CP content had the 
largest effect on MUC. Across all diets (n = 306), MUC increased 3.7 (s.e. = 0.11) mg/l in 
response to 1 g increase in dietary CP concentration. The respective slope was essentially the 
same (3.6, s.e. = 0.09) when estimated within-experiments using a mixed regression model. 
Dietary CP content explained proportionally 0.778 and 0.860 of the variation in MUC for the 
entire dataset and within-experiments, respectively. When dietary CP content was 
manipulated by concentrate level, concentrate protein content, silage fermentation quality or 
silage type (grass vs. legume) estimated slopes were close to the mean slope (3.6, 3.7, 4.0 and 
3.2, respectively). The lower linear slope in the silage type subset was due to a significant (P 
= 0.004) curvi-linear relationship between CP content and MUC. The impact of dietary CP 
content on MUC has also been reported in earlier studies (e.g. Broderick and Clayton, 1997; 
Kauffman and St-Pierre, 2001; Frank and Swensson, 2002). 
Interestingly, dietary PBV content accounted for less variation than dietary CP 
content in MUC within-experiments, in spite of a sounder biological basis (R2within  = 0.832 vs. 
0.860; V). This may be due to two important reasons: (1) in addition to excess ammonia N, 
absorbed AA are also important source of milk urea, and (2) the errors associated with 
metabolisable protein systems, including that adopted in Finland (AAT/PBV-system; Tuori et 
 43
al., 2002), may outweigh the benefits of more sounder biological principles. Presumably these 
problems are associated with excessively high estimates of AAT supply from microbial 
protein and/or estimates of CP degradability of different feeds are erroneous both in absolute 
and relative terms. 
The results of multivariate regression analyses revealed that combined with dietary 
CP, other feeding parameters (e.g. ME, NDF, PBV) only slightly increased the proportion of 
accounted variance of MUC (V). The results essentially disagreed with earlier suggestions 
that MUC is primarily influenced by the ratio of dietary CP to ME concentration or the supply 
of CP and ME in relation to calculated requirements (e.g. Oltner and Wiktorsson, 1983; 
Kirchgessner et. al., 1986, Carlsson and Pehrson, 1994). In study V, variation in dietary 
CP/ME ratio was largely due to differences in dietary CP content (R2 = 0.876) when ME 
intake was estimated from tabulated values (Tuori et al., 2002), since the range in ME 
concentrations between diets was relatively small. The true range in ME content may be even 
smaller when negative associative effects on digestion between forage and concentrates are 
considered. This is in good agreement with the results of Broderick and Clayton (1997) 
indicating that dietary CP content explained a similar proportion of the variance in MUC, 
when expressed on either a DM or energy basis (NEL, net energy for lactation). Furthermore, 
Cannas et al. (1998) showed that MUN in lactating ewes was similar between two dietary 
energy levels (1.65 vs. 1.55 Mcal NEL/kg DM). Within both energy levels MUN was 
increased similarly in response to greater amounts of dietary CP. In conclusion, the results 
from data analysis in V are important for practical interpretation and recommendations 
regarding MUC measurements. The former theory assumes that MUC decreases or increases 
in response to ME supply above or below calculated requirements, respectively (see e.g. 
Carlsson and Pehrson, 1994; Setälä et al., 1987). However, in study V dietary ME-balance 
(ME-supply – ME-requirement) did not explain more variation in MUC when included in the 
same regression model based on dietary CP content expressed on a DM or ME basis. 
The effect of dietary CP content on MUC was also quantitatively the most important 
within multivariate regression analysis that included all significant feeding parameters (V). 
This evaluation also indicated that in addition to dietary CP content, the quality of protein as 
described by the ratio of AAT to CP, marginally affects MUC. This finding is supported by 
data from single feeding experiments examining production responses to different protein 
supplements (Shingfield et al., 2001; 2003). Moreover, it is interesting to note that dietary 
starch content had a slightly positive effect on MUC, and that of the proportion of 
concentrates in the diet was not significant. The implication is that in practice, MUC cannot 
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be lowered with concentrate supplements containing equal or higher CP than forages. This is 
consistent with the evaluation of Huhtanen et al. (2003) indicating that feeding parameters 
other than dietary CP concentration have only minor effects on total N utilization of dairy 
cows. Multivariate analysis (V) also revealed that at a constant dietary CP content, MUC is 
lower when silages are harvested from primary growth compared with corresponding 
regrowths (–15 mg/l). This probably reflects the lower OMD of regrowth silages as discussed 
in II and III. Milk urea concentration was also lower (–12 mg/l) when restrictively fermented 
silages ensiled with formic acid were fed instead of using inoculated silages. The restriction 
of silage fermentation with formic acid has been shown to promote milk protein yield, 
resulting in markedly lower MUC (Heikkilä et al., 1988). However, the magnitude of these 
effects was relatively small compared with dietary CP concentration. 
 
4.3.3 Practical applications of MUC 
 
The large dataset collected in study V appears to include most of the variation in 
terms of dietary manipulation and production responses as relative to that observed for the 
dairy farms participating in the Finnish dairy herd improvement schemes in Finland (Table 8). 
Moreover, the distribution of MUC based on 306 diets (V) is also similar to that reported for 
bulk tank milk collected in Finland (Figure 9). This provides a consistent basis for the 
development of practical applications of MUC to monitor dairy cow feeding. 
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Figure 9. Per cent distribution of 
MUC in study V (n = 306) and in 
bulk tank milk in Finland between 
2000-2002 (n = 154 693, Valio 
Ltd/Farm services, unpublished 
results) 
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Table 8. Comparison of selected production and dietary parameters between the dataset used 
in study V and Finnish controlled herds in 2002 
Production trait V Finnish controlled herds (2002) 
Live weight (kg) 579  
Milk yield (kg/d) 27.8 26.5 
Milk fat (g/kg) 44.3 42.7 
Milk protein (g/kg) 32.5 34.0 
Dietary crude protein (g/kg DM) 160 166 
Forage crude protein (g/kg DM) 152 155 
Concentrate crude protein (g/kg DM) 173 181 
 
4.3.3.1 Prediction of dietary CP and PBV concentration 
 
Dietary CP content accounts for a major proportion of the variance in MUC 
(Broderick and Clayton, 1997; V), which offers a possibility to monitor dairy cow diets in 
practice. A simple linear regression equation based on MUC predicted dietary CP 
concentration with RMSE of 9.0 g/kg and R2 of 0.778 (Figure 10). However, ratio of s.d. to 
RMSE (2.07) implies that this approach could only be used as a qualitative measure, but in 
terms of MY response, the RMSE value only corresponds to about 0.3 kg/d. In addition, it is 
evident that a considerable part of the residual variation is due to differences between between 
experiments. In study V, the R2within  was 0.860 and 0.922 for the whole dataset and the 
protein supplementation subset when predicting MUC based on dietary CP content, 
respectively. This indicates that MUC may be well used within a single herd to monitor 
dietary CP content with an acceptable accuracy. 
As for the prediction of dietary CP content, MUC may also be used to evaluate the 
supply of ruminally degradable N. The prediction performance of a mixed regression equation 
was at least as good as that for dietary CP as judged by R2within  and RMSE values (Figure 11). 
The intercept of the equation in predicting MUC from PBV assumes that at a level of MUC of 
252 mg/l, ruminal ammonia N requirements are satisfied (PBV = 0) according to current 
Finnish metabolisable protein system (Tuori et al., 2002). This is in good agreement with the 
MUC value of 238 mg/l calculated from the results of Frank and Swensson (2002), although 
the slope (0.24) and intercept (57) are slightly different to those estimated in study V. Hof et 
al. (1997) estimated that at a MUC value of 215 mg/l energy and degradable N available for 
ruminal microbes are balanced according to the metabolisable protein system adopted in the 
Netherlands. 
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Figure 10. Prediction of dietary CP 
content (g/kg DM) from MUC based on 
simple linear regression (Data from V, n 
= 306) 
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Figure 11. Prediction of MUC from 
dietary PBV content (g/kg DM) using 
mixed linear regression (data from V, n 
= 306). The solid line denotes the MUC 
level (252 mg/l) where ruminal N 
requirements are satisfied according to 
the AAT-PBV system (Tuori et al., 
2002) and the dotted line the level 
assumed to satisfy microbial N 
requirements (162 mg/l) 
 
 
 
It is somewhat surprising that estimates of MUC thought to satisfy ruminal ammonia 
requirements are so similar, when the protein evaluation systems used in Finland, Sweden and 
Netherlands are markedly different. However, all these estimated target levels of MUC may 
be too high, since the measurements at the omasum suggest that PBV can be around –15 to –
20 g/kg DM negative (according to Finnish protein evaluation system), without limiting 
microbial protein synthesis (Ahvenjärvi, 2002). A negative PBV content is possible because 
recycling of urea into the rumen is not taken in account and the estimates of the energetic 
efficiency of microbial protein synthesis may be too high. Further work is required to 
establish a more reliable level of PBV in the diet, but in the meantime a value of –20 g/kg 
DM, corresponding to a MUC value of 162 mg/l may be used in practice (see Figure 11). 
Only 7.0 per cent of bulk milk samples from Finnish dairy farms are below this limit (Figure 
9). 
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Table 9. Different models to predict urinary N (g/d) excretion from milk urea concentration 
Equation Unit RMSE R2 s.d./RMSE Source 
0.58 × MUCa g/d 28.6  1.90e Jonker et al., 1998 
0.81 × MUC g/d 29.1  1.87e Kauffman and St-Pierre, 2001 
0.001 × MUC g/LW 21.0  2.59e Kauffman and St-Pierre, 2001 
26 + 0.66 × MUC g/d 16.7 0.787d 3.56 V 
44 + 46.5 × MUSb g/d 14.7 0.835d 4.04 V 
–180 + 2.19 × MUS + 11.2 × CPc g/d 10.8 0.913d 5.50 V 
32 + 47.4 × MUSf g/d 7.7 0.945d 6.73 V 
a MUC = milk urea concentration (mg/l); b MUS = milk urea secretion (g/d); c CP = dietary crude 
protein content (g/kg DM); d R2 within experiments; e Denotes to evaluation of the model with 
independent data (see Kohn et al., 2002); f Estimated from subset of protein supplementation studies; 
LW = live weight 
 
4.3.3.2 Prediction of urinary N excretion and efficiency of N utilization 
 
Faecal and urinary N excretion into manure has a significant environmental impact in 
the areas of intensive milk production (Castillo et al., 2000; Huhtanen et al., 2003). Urinary N 
is more important in this respect, since it represents the major proportion (0.41; see Table 7) 
of dietary N and being soluble is prone to evaporation and leaching losses during storage and 
spreading of slurry. Milk urea has been used to predict urinary N output because it is closely 
associated with absorbed N and urinary N (Jonker et al., 1998; Kauffman and St-Pierre, 2001; 
Kohn et al., 2002; V). Table 9 summarises published equations for the prediction of urinary 
N. Study V indicates that urinary N excretion can be determined relatively accurately from 
MUC by a simple linear regression (R2within = 0.787). However, prediction accuracy can be 
improved by using milk urea secretion (MUS) as an independent variable. Moreover, the 
prediction may be further enhanced if estimates of dietary CP content are used. The equations 
of Jonker et al. (1998) or Kauffman and St-Pierre (2001) have no intercept, which is 
somewhat surprising, since the intercepts in equations based on study V were significant in 
each case (Table 9). The intercept is at least, in part, a reflection of maintenance urinary N 
output, which is a function of live weight. Kauffman and St-Pierre (2001) presented an 
improved equation providing urinary N estimates per kg live weight. However, this approach 
may be problematic in practice owing to the difficulties in obtaining reliable measurements of 
live weight. 
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Figure 12. Milk N (g/d) and 
marginal urine N excretion (d 
urine N/d milk N, g/g) in 
response to MUC (mg/l) in 
protein supplementation studies 
(data and equations from V) 
 
 
4.3.3.3 Prediction of production responses from MUC – target values 
 
Prediction of MY or milk protein responses from MUC is not as accurate as 
estimating dietary CP and PBV content or urinary N output. For the entire dataset of study V, 
MY and protein yield only accounted for proportionally only for 0.082 and 0.072 of the 
variation in MUC within experiments, respectively. Moreover, none of the variables reached 
significance in the multivariate analysis that included all significant nutrition and milk 
production variables (V). However, in the data subset for protein supplementation studies, the 
association between MUC and protein yield was much better (R2within = 0.833).This equation 
was significantly curvilinear, predicting a maximum protein yield at a MUC of 490 mg/l (see 
V, Figure 12). The s.d./RMSE ratio of the equation (2.71) calculated within experiments 
implies that the estimates are sufficient accurate to be used in practice. However, this 
prediction equation should be used with some caution since the subset of data only included a 
limited number of observations above a MUC of 400 mg/l. The RMSE value (44 g/d) 
approximately corresponds the response attained when one kg energy concentrate is replaced 
with one kg rapeseed meal. Moreover, milk protein responses to increases in concentrate CP 
content in Finnish production trials have been relatively linear (Huhtanen, 1998; Shingfield et 
al., 2003). However, observations above a MUC of 400 mg/l are lacking when the concentrate 
CP content has been increased by gradual replacement of grain with high quality protein 
supplement (e.g. rape seed meal). In conclusion, while a MUC of 162 mg/l may guarantee 
microbial requirements for degradable N according to the current Finnish metabolisable 
protein system, linear milk protein responses have been observed up to 350 mg/l, and 
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maximum protein yields associated with a MUC of 490 mg/l have been attained using high 
quality protein supplements. However, the marginal urine N output per marginal increase in 
milk N production increases exponentially with increasing MUC (Figure 12), and impaired 
reproduction efficiency may be expected above 400 mg/l (Shingfield et al., 1999). 
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Figure 13. Relationship between 
marginal of milk protein yield 
responses (d PY) and milk urea 
concentration (d MUC) to 1 g 
increase in dietary crude protein 
content (d CP), data adapted from 
Shingfield et al., 2001 (?) and 
2003 (?) 
 
 
The average increase in MUC within experiments was 3.6 mg/l in response to a 1 
g/kg DM increase in dietary CP content (V). However, this MUC response can also be 
expected to depend on the quality of supplemental protein, i.e. what is the proportion of 
additional protein contributing  to  milk protein yield responses. This is demonstrated in 
Figure 13, which shows an inverse relationship between marginal milk protein yield 
responses and MUC to marginal increases in dietary CP content. In study of Shingfield et al. 
(2001), dietary CP content was increased either by N fertilization of grass silage (50 vs. 100 
kg N/ha) or within both levels of N fertilization with using different types (urea, wheat gluten 
or rapeseed meal) of protein supplements. In another trial (Shingfield et al., 2003) grass 
silage-based diets were supplemented with incremental increases in rapeseed or soybean 
meal. The results indicated (see  Figure 13) that when high quality proteins (e.g. rapeseed 
meal) are used, MUC and milk protein responses are about 3 mg/l and 6 g/d per 1 g increase 
in dietary CP content, respectively. On the other hand, when greater application of N 
fertilizers to increase grass CP content or low quality supplements (e.g. urea) are used, the 
respective responses were about 7 mg/l and –2.5 g/d per 1 g increase in dietary CP content. A 
zero response in milk protein yield was obtained when MUC was increased 5.5 mg/l per 1 
g/kg DM increase in dietary CP content. This approach may be used in practice to fine-tune 
dairy cow rations. When MUC is low or at moderate (< 200 mg/l) levels there is a possibility 
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to increase milk protein yield by using high quality protein supplements. In contrast, at high 
levels of MUC (>350 mg/l) only very low marginal responses to supplemental protein feeding 
can be expected. In order to improve N utilization, there may be also need to decrease N 
fertilization, or cut grass at a later stage of maturity for ensiling or feed less concentrate 
protein. 
Former suggestions of exact recommended MUC levels (200-300 mg/l) are not 
justified as such by the results of study V. According to initial interpretations of Finnish data 
(Setälä et al., 1987), balanced protein and energy supply with respect to requirements were 
thought to be associated with a MUC above 200 and below 300 mg/l. The range was extended 
to 200-350 mg/l because milk protein yield responses were realised above 300 mg/l when 
energy rich concentrates were partly replaced with high quality protein supplements (see 
Shingfield et al., 1999). Likewise, Jonker et al. (1998) proposed a target range of 210-330 
mg/l when diets are balanced for CP according to NRC (1989). Based on the evaluation in V, 
these target ranges can be considered as a compromise, in view that ruminal PBV 
requirements are satisfied and maximal MY are not reached, while urinary N output per kg 
milk is maintained at a reasonable level. 
 
 
5 CONCLUSION AND SUGGESTIONS FOR FUTURE RESEARCH 
 
5.1 Conclusions 
 
1. The parameters of standard wet chemistry (crude protein and cell wall components) 
showed a significant correlation with grass silage organic matter digestibility and D-value. 
However, linear or non-linear equations including wet chemistry parameters as 
independent variables to predict grass silage OMD resulted in inaccurate predictions and 
cannot be recommended for practical use. This was due to a lack of biological meaning 
(CP) or uniformity (ADF, lignin) of the parameters leading to environmentally dependent 
associations between chemical entities and digestibility. 
 
2. The in vitro pepsin-cellulase solubility of OM was highly correlated with in vivo OMD of 
grass silage. Relative in vitro NDF solubility was approximately 80 per cent of in vivo 
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NDF digestibility, indicating the requirement for correction equations to predict apparent 
in vivo OMD from measurements of in vitro pepsin-cellulase solubility. 
 
3. Regression equations based on pepsin-cellulase solubility predicted OMD with a high 
degree of accuracy in silages prepared from primary growths, but was less accurate for 
regrowth silages. Predictions could be improved, if specific correction equations for both 
silage types were used. 
 
4. Indigestible NDF content of grass silages may represent a universal determinant of OMD. 
Accurate OMD estimates were obtained using a universal prediction equation based on 
the data that included both primary growth and regrowth silages. 
 
5. Grass silage cell wall components can be divided into potentially digestible and 
indigestible fractions by prolonged in situ incubation. Reasonably accurate estimates of 
these fractions can be obtained by NIRS. 
 
6. The lignin to NDF and INDF to NDF ratio is higher in regrowth than primary growth 
grass silages. For the same in vivo OMD, in vitro pepsin-cellulase solubility was higher in 
regrowth compared with primary growth silages. This implies that the cell wall structure 
differs between these two silage types leading to different digestion dynamics in the 
rumen. 
 
7. The best calibration method for NIRS in the prediction of silage OMD and D-value was 
based on in vivo digestibility measurements in sheep. However, for practical purposes a 
reference method that is less time consuming, cheaper and easier to conduct is needed. Of 
the methods studied, pepsin-cellulase solubility and INDF content in particular, can be 
recommended. The total accuracy of the NIRS calibration schemes is more dependent on 
the biological validity of reference methods rather than the accuracy of NIRS per se. 
 
8. Voluntary intake of grass silage by dairy cows is significantly affected by D-value and 
silage fermentation quality. A relative intake index is proposed for use in practice to assist 
dairy cow ration formulation. The proposed index predicted SDMI with an acceptable 
level of accuracy within experiments. 
 
9. Variance in milk urea concentration was primarily related to differences in dietary CP 
content. The variance accounted for by the statistical models was not markedly improved 
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if rumen degradable CP in excess of microbial requirements (PBV) or the ratio of dietary 
CP to ME were used as regression factors. 
 
10. Both excess ruminal ammonia and absorbed AA were significant sources of milk urea. 
Excess AA N (absorbed AA N – milk N) and PBV increased MUC in a similar manner. 
 
11. MUC can be used in practice to estimate dietary CP and PBV content and monitor urinary 
N output. 
 
12. In contrast to previous interpretations, exact recommended levels of MUC are unable to 
be established. For adequacy of PBV in the diet, a MUC value of 160 mg/l is proposed. 
Milk and milk protein yield increase up to a MUC level of at least 450 mg/l if high quality 
protein supplements are fed. The output of urinary N per kg milk increases exponentially 
with increasing MUC. 
 
5.2 Future research 
 
The biological basis and practical applications of the diagnostic tools developed in the present 
work could be further improved by additional research suggested below. 
 
?? The reasons for differences in the cell wall structure of primary growth and regrowth grass 
may be solved by integrated studies of plant physiology and animal nutrition. This may 
provide a more consistent basis for developing improved methods to predict the 
digestibility of different forages. 
 
?? The pepsin-cellulase method may be improved by increasing enzyme concentrations or 
extending incubation times. Moreover, assessment of the uniformity of the neutral 
detergent soluble fraction determined by the pepsin-cellulase system warrants more work. 
 
?? The application of INDF and pepsin-cellulase based methods should be evaluated using 
forage species other than grass (e.g. legumes, whole crop). 
 
?? The calibration of NIRS for predicting INDF should be extended and evaluated using 
additional sample material from grass and other forage species. For the application of 
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future dynamic feed evaluation systems, NIRS should be evaluated as a means of 
predicting the rate of forage cell wall digestion. 
 
?? Development of methods to predict total dry matter intake should be continued on the 
basis of relative intake indexes proposed in the present work. The development of 
practical tools to provide optimal silage harvesting and concentrate supplementation 
strategies may require an integrated approach involving animal scientists and animal 
production economists. 
 
?? The use of MUC to monitor protein feeding in dairy cows may require further research to 
estimate production responses and urinary N excretion for diets supplemented with high 
or low levels of various protein supplements. 
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